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The   synthesis  and  characterization   of  a  variety  of  monomeric 
pailadium(II)   amido  complexes  by  the  addition  of  amide  reagents  to 
neutral  and  cationic  palladium(II)  complexes  is  presented.     The 
monomeric   amide   complexes   are   air-   and   moisture-   sensitive; 
however,  they  are  stable  in  the  solid  state  and  in  solution  at  25  °C. 
The  nature  of  the  amide  reagent,  the  ancillary  ligands  coordinated  to 
the  metal  center,  and  the  substituents  on  the  amido  group  and  the 
metal  center   influence  the   overall   stability   of  palladium(II)   amide 
complexes.      Thermolysis   studies   of  several   monomeric  amide 
complexes  were  carried  out  in  order  to  determine  the  thermal 
stability  of  the  Pd-N  of  these  complexes. 


Xlll 


The  reactivity  of  monomeric   amide  complexes   with 
unsaturated,   electrophilic    substrates   was   investigated.      The   crystal 
structure  of  fraAi5-(PMe3)2Pd(Ph)(NHPh)(15)  revealed  that  the  lone- 
pair  electrons   on  nitrogen   control   the  reactivity  of  palladium(II) 
amide  complexes.     Compound  15  readily  inserts  CO2  and  maleic 
anhydride  into  the  the  Pd-N  bond,  while  the  N-H  bond  of  15  adds 
across  the  C-C  double  bond  of  diphenyl  ketene  and  the  C-N  double 
bond  of  tert-hutyl   and    2,6-diisopropylphenyl    isocyanate.      Variable 
temperature   and    l^N-iabeling    experiments    provided    mechanistic 
information   about   these   reactions.      The  reactivity   of  palladium(II) 
amide  complexes   with   activated   acetylenes   was   also   investigated  in 
order  to  determine  the  potential  of  these  complexes   to  facilitate  C-N 
bond    formation. 

Attempts   to  prepare   molecules   with   Pd-N  multiple   bonds  was 
investigated.     The  addition  of  two  equivalents  of  KNHPh  to 
[Pd(PMe3)2(THF)I][BF4]  resulted  in  reductive  elimination  and 

phosphinimine  formation.      The   in  situ  generation  of  a  palladium 
nitrene  complex  was   believed   to   be  responsible   for  phosphinimine 
formation.      In   order  to   stabilize   the  reactive  nitrene   intermediate, 
amide   reagents    with    electron-withdrawing    groups    were    investigated. 
The  addition  of  two  equivalents  of  KNHC6F5  and 
KNH-3,5-(CF3)2-C6H3  to  trans-Pd(PMe3)2l2  generated  two  stable 
nitrene  complexes.     The  reactivity  of  these  complexes  with  PMe3  and 
H2O  was   similar  to  that  of  previously  reported  transition-metal 
nitrene    complexes. 
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CHAPTER  1 
INTRODUCTION 


Overview 


The  preparation  of  metal  amide  complexes  has  been  the  focus 
of  extensive  research  over  the  last  century.     The  first  amide 
complexes  prepared  were  those  of  sodium  and  potassium  (NaNH2 
and    KNH2)  early  in  the  nineteenth  century.  1     Since  then,  the 
synthesis  of  amide  complexes  involving  the  majority  of  the  main- 
group  elements  has  been  firmly  established,  and   the  utility   of  metal 
amide  complexes  with  respect  to  reaction  chemistry  has  been  the 
subject  of  a  comprehensive  review. 2 

While   the  preparation   of  main-group   amide   complexes   has 
been   established  in   the   literature,   the  preparation   of  amide 
complexes  involving  transition-metals  is  still  being  developed.      A 
transition-metal   amide  complex   is   defined   as  any  primary   or 
secondary  amine  with  one  of  the  substituents  on  nitrogen  being  a 
transition-metal.      The  first  example   of  a  transition-metal   amide 
complex  was  prepared  by  the  addition  of  NaNPh2  to  TiCU;^    however 
it  was  not  until  the  early   sixties   that  transition-metal  amide 
chemistry  truely  emerged.      The  most  common  route  to  transition- 
metal  amides  is  the  transmetallation  reaction  (eq.    1.1).     The  majority 
of  these  reactions  involve  the  addition  of  metal  amide  reagents  to  a 
metal  halide  and  generation  of  the  amide  complex.     This 


M-X  +  'NRR'     ^   M-NRR'         +        "X  (1.1) 

approach  has  led  to  the  preparation  of  amide  compounds  for  the 
following    transition-metals:    groups    3-1,^'^^  Fe,l^  and  the 
lanthanidesl6"20   and  actinides.^^      Although   transmetallation 
reactions  are  the  most  common  route  to  metal  amide  complexes, 
other  approaches  do  exist  (as  will  be  discussed  below). 

An   important   observation    with   respect   to    transition-metal 
amide  complexes  is  that  the  majority  of  these  complexes  involve 
early-transition-metals.      Indeed,   as    one   proceeds    towards   the   right 
in  the  transition   series,   the  number   of  characterized   amide 
complexes  decreases  dramatically.     Those  of  the  Fe,  Co,  and  Ni  triads 
are  especially  uncommon.      One  possible  explanation  for  the  scarcity 
of  late-transition-metal   amide  complexes   involves   the   bonding   of  the 
amido  group  to  the  metal  center.     For  monomeric  transition-metal 
amide  complexes,  there  are  two  bonding  possibilities  (Figure   1.1).     In 
the  first  bonding  mode  A,  the  geometry  about  nitrogen  is  trigonal 
planar  with  sp^  hybridization.     This  geometry  implies  there  is 
significant   it -donation  from  the  electron  pair  on  nitrogen  to  the  metal 
center  (Figure   1.2).  The  geometry  about  nitrogen  in  B  is  trigonal 
pyramidal,    suggesting    sp^   hybridization  and  localization  of  the 
electron-pair    on    nitrogen. 

It  is  the  ability   of  the  transition-metal  center  to   accommodate 
the  lone-pair  electrons  of  the  amido  nitrogen   through  tu -donation    that 
dictates  the   stability  of  transition-metal   amide  complexes.     Early- 
transition-metals    have    empty,    low-energy    orbitals    that   can 
accommodate    jc -donation  from  the  lone-pair  electrons  on  nitrogen.     It 
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Figure   1.1.  Possible    bonding    geometries    for   transition-metal    amide 
complexes. 


Figure   1.2.  Orbital   interaction   between   the   lone-pair  electrons   on 
nitrogen  and  the  d-orbitals  of  the  metal  center. 


has   been   demonstrated   experimentally   that   there   is   significant  ti- 
stabilization   in   early-transition-metal   amide   complexes.      The   crystal 
structure  of  Cp*2Hf(H)(NHMe)  (Cp*=  Ti5-C5Me5)  reveals  a  Hf-N  bond 
distance  of  2.027  (8)  A,  which  suggests  double  bond  character,  with 
the   geometry   of  the  methylamido   group   exhibiting  planarity.22 
Significant  7C-donation  may  restrict  free  rotation  about  the  M-N  bond 
of  early-transition-metal   amide   complexes.      Recently,   Osborn 
measured  the  barrier  for  rotation  of  the  W-N  bond  of 
WO(CH2But)3(NEt2),  and  found  it  to  be  18  kcal  mol-1.23 

The   scarcity  of  late-transition-metal   amide   complexes   can   be 
explained   by    a   similar   argument.      Late-transition-metals   cannot 
accommodate    ti -donation  from  the  amido  group.     The  LUMO  of  these 
metals  is  either  too  high  in  energy  and  inaccessible  for  jt -donation,    or 
the  orbitals   with   the  proper  symmetry   to   accommodate  7c-donation 
are  filled  with  d-electrons.     The  expected  geometry  of  the  amido 
group   of   late-transition-metal   amide   complexes    is   trigonal   pyramidal 
(B),  with  localization  of  the  electron-pair  on  the  amido  group.     The 
lack  of  7u -donation   in   late-transition-metal   complexes    should 
effectively   weaken   the  M-N  bond   as   compared   to  early-transition- 
metal    amide   complexes,    hence    the   late-transition-metal    amide 
complexes    should   exhibit   higher   reactivity. 

In  the   following   sections,   strategies   for  preparing   late- 
transition-metal   amide   complexes    (groups    8-10)   will   be   discussed. 
Due   to   the   nature   of  late-transition-metal   complexes,   different 
approaches   to  the  preparation   of  these  complexes   are  required   as 
compared  to   those   of  early-transition-metals.      The  reader  will   also 
understand    further    the    significance    of   late-transition-metal    amide 


complexes  in  organic  synthesis.     The  weak  M-N  bond  of  this  group  of 
compounds   should  provide  a  route  to  the  formation  of  new  carbon- 
nitrogen    bonds. 

Preparation    of   Late-Transition-Metal    Amide    Complexes 

The    synthesis   of   late-transition-metal    amide   complexes   has 
gained  considerable  attention  over  the  last  five  years,  and  has  been 
the   subject   of  extensive  reviews. 24     Although  there  are  several 
routes  to  the  preparation  of  this  class  of  compounds,  the  following 
approaches   are  responsible  for  the  majority   of  amide  complexes 
reported  in  the  literature  to  date:   i)  transmetallation,  ii) 
deprotonation,  iii)  protonation,  and  iv)  N-H  oxidative  addition.     Each 
of  these  routes  is  discussed  in  greater  detail  below. 

Transmetallation.     As  was  discussed  in  the  previous  section, 
transmetallation   reactions   are  the   most  common  route   to  early- 
transition-metal   amide  complexes.      This   approach  is   also  responsible 
for   the    majority    of  late-transition-metal    amide   complexes   reported 
in  the  literature.     An  example  of  a  transmetallation  reaction  can  be 
seen  in  eq.   1.2.     In  this  reaction,  a  Pt-N  bond  was  generated  by  the 


Ph2  Ph2 

Pt     +  LiN(Me)Ph  •-  I    Pt         (1.2) 

^P^  ^a  P'^  ^N(Me)Ph 

Ph2  Ph2 

R  =  Me,  Ph,  CH2Ph 


addition   of  the   amide   reagent   to   the   bis(phosphine)platinum(II) 
alkyl   halide   complex. 25     The  amide  reagent  employed  for 
transmetallation  reactions   controls   the  extent  of  M-N   bond   formation. 
Although    the    majority    of   monomeric    early-transition-metal    amide 
complexes  are  tolerant  of  a  variety  of  alkyl  and  silyl  groups  on  the 
amido   group,    the   preparation    of   late-transition-metal    amide 
complexes  using  these  amide  reagents  has  met  with  limited 
success. 26      Amide  reagents   with   electron-withdrawing   groups   such 
as  phenyl  groups  are  the  reagents  best  suited  for  M-N  bond 
formation.     The  nature  of  the  amide  reagent  will  be  discussed  in 
greater  detail  in  the  following   chapter.     With  the  transmetallation 
approach,  amide  complexes  of  Ru,27  Rh,28  ir,29  Ni,  30a  pd^30a,31 
and  Pt30a,31a,32    have   recently   been   prepared   and   characterized. 

Deprotonation.     The  preparation  of  M-N  bonds  by 
deprotonation   involves   taking   advantage   of  the   increased   acidity   of 
an  amine  proton  when  the  amine  is  coordinated  to  a  cationic  metal 
center.  3  3     Once  an  amine  is  coordinated  to  a  metal  center,  a  base  is 
then  added  to  deprotonate  the   amine  and   generate  the  new  M-N 
bond  (eq.   1.3).     An  example  of  a  deprotonation  reaction  involving  the 
preparation   of  a  late-transition-metal   amide  complex  can  be   seen  in 
eq.   1.4.34,35     The  addition  of  the  bulky  base  KN(SiMe3)2  to  an  amine 
coordinated  to  a  cationic  metal  center  results  in  deprotonation  of  the 
amine  proton  to  generate  the  new  Ir-N  bond. 

M^-NHRR'       -t-         B    *-  M-NRR'        +         BH  (1.3) 


^^     X\^  KN(SiMe3)2  ,  ^Tr  >^ 


(1.4) 


Protonation.     Amines  are  generally  not  considered  acidic 
substrates;   however  if  in  the  presence  of  a  basic  substrate,  then  the 
amine  can  behave  as  a  Bronsted  acid  and  cleave  the  basic  substituent 
from  the  metal  center  (eq.  1.5).     In  this  reaction,  a  group  bonded  to 
the  metal  center  must  exhibit   significant  basicity  to  be  protonated  by 
an  amine.     One  such  example  can  be  seen  in  eq.  1.6.     In  this  reaction, 

M-OR       +         HNRR'   ^  M-NRR"       +         ROH  (1.5) 

Q)  *Ir(PPh))(H)(OEt)     +  HjNPh    •-  (1.6) 

Qj  *Ir(PPhj)(H)(NHPh)     +    EtOH       ' 

the  ethoxide  group  is  the  basic  substituent,  and  in  the  presence  of 
aniline,  the  new  Ir-N  bond  was  generated  as  well  as  ethanol.^^'^^ 
The   preparation    and   reactivity    of   late-transition-metal    alkoxides 
with  respect   to   protonation   has   received   considerable   attention.24a 
The  basicity  of  the  ethoxide  group  can  be  attributed  to  the 
localization  of  the  electron-pair  on  oxygen. 

Another  approach  can  be  found  in  eq.   1.7.     In  this  reaction, 
protonolysis  of  an  alkyl  group  by  an  acidic  amine  generates  the  new 
M-N  bond  and  liberates  a  small  organic  molecule.     An  example  of 
such  a  reaction  can  be  seen  in  eq.  1.8.     In  this  reaction,  acidic 
amines   were   added   to   a   bis(phosphine)   platinum(II)   dimethyl 


M-R 


HNRR' 


-^  M-NRR'       +         RH 


(1.7) 


Et3P^  .Me 


H2NR 


Me 


EtgP 

R  =  COCF3,COCF2H 


HNR 


EtiP 


PEt. 


Me 


CH4  (1.8) 


complex.38,39     The  reaction  affords  a  new  Pt-N  bond  and  the 
evolution  of  methane  gas.     There  are  two  possible  mechanisms  that 
can  account  for  the  formation  of  the  new  M-N  bond  in  eq.  1.8.    The 
first  mechanism  involves  protonolysis  of  the  M-C  bond  by  the  acidic 
amide.     Indeed,  the  cleavage  of  the  metal  alkyl  group  of  palladium 
and  platinum   complexes   with   protic   reagents   has   been 
documented. '^O      xhe  second  mechanism  involves  oxidative  addition 
of  the  N-H  bond  of  the  amine  followed  by  reductive  elimination  of 
the  small  alkane.     Despite  the  increase  in  the  number  of  late- 
transition-metal    amide    complexes    generated    by    protonation 
reactions,   there  has  been  no  evidence  to  date  that  distinguishes 
between    the    two   mechanisms. 

One  factor  that  limits  the  utility  of  the  reaction  in  eq.  1.8  is  that 
acidic  amines  are  required  to  generate  new  M-N  bonds.     Indeed, 
protonation  reactions  involving   alkyl   or  silyl   amines   to  generate  late- 
transition-metal   amide   complexes   have   not   been   observed.      Although 
these  reactions  do  afford  new  M-N  bonds,   the  presence  of  the 
electron-withdrawing   group   or   groups   on   the   amido   nitrogen   may 
reduce  the  reactivity  of  the  M-N  bond.     The  influence  of  different 
substituents  on  the  amido  group  with  respect  to  reactivity  of  the  M- 


N  bond  of  late-transition-metal  amide  complexes  will  be  discussed  in 
greater  detail  in  the  following  section  as  well  as  Chapter  4. 

N-H   oxidative   addition.     The  oxidative  addition  of  an  N-H  bond 
to  a  metal  center  is  a  very  attractive  method  of  generating  M-N 
bonds.     The  reaction  involves  the  addition  of  the  N-H  bond  to  the 
metal  center,  which  increases  the  oxidation   state  of  the  metal  center 
by  two  (eq.   1.9).     To  date,  iridium  systems^  1    exhibit  the  greatest 
tendency  toward   N-H   oxidative   addition;   however   there   are 
examples  involving  other  transition  metals   as   well.^^     An  example  of 
N-H  oxidative  addition  can  be  found  in  eq.  1.10.     The  reaction 

MLn  +  HNRR'      ^   LnM  (1.9) 

^NRR' 

2  Ir(PEt3)2(C2H4)Cl     +     2  NHjCl)    ^ 

(1.10) 

[Ir(PEt3)2(H)(NH3)(^i-NH2)]2(Cl)2    +    2  C2H4 

involves  the  addition  of  the  N-H  bond  of  ammonia  to  the  Ir(I)  metal 
center,   generating   the   Ir(III)   bridging   amido   species."^  1^    The 
significance  of  N-H  oxidative  addition  reactions  is  the  possibility  of 
developing  catalytic   systems   which   incorporate   the  N-H  oxidative 
addition  as  one  of  the  fundamental  steps  of  the  reaction. 

Late-Transition-Metal    Amide   Complexes    as    Catalysts 
for  the  Amination  of  Olefins 

The  addition  of  an  N-H  bond  across  the  carbon-carbon  double 
bond  of  an  olefin  is  a  very  attractive  reaction  in  organic  chemistry, 
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with  the  net  result  involving  the  functionalization  of  a  carbon  center 
(eq.  1.11).     The  direct  addition  of  an  amine  to  an  alkene  in  the 
absence  of  a  catalyst  is  not  a  viable  approach  for  the  addition  of  an 
N-H  bond  to  an  alkene;  however  the  addition  of  amines  to  activated 
olefins  in  the  presence  of  a  catalyst  has  met  with  some  success.'*  3 


NRR' 

HNRR'      ^      J ^  (1.11) 

H 


A   comprehensive  review   has   appeared  recently   discussing   a  wide 
variety  of  catalytic  systems  that  can  facilitate  the  addition  of  amines 
to  alkenes.44     xhe  following  discussion  will  focus  on  the  amination  of 
olefins   using   transition-metal   complexes   as   catalysts. 

One  approach  to  the  addition  of  amines  to  olefins  employing  a 
transition-metal  complex  can  be  found  in  Figure  1.3.     Coordination  of 
the  olefin  to  the  metal  center  activates  it  toward  nucleophilic 
attack. 45, 46     Attack  by  an  amine  on  the  coordinated  olefin  results  in 
the  formation  of  a  new  C-N  bond  as  well  as  a  new  M-C  bond.    The 
first  example  of  this  type  of  reaction  was  reported  in   1969,  when  the 
addition  of  a  variety  of  amines  to  c/5-PtCl2(olefin)PR3  generated    new 
platinum-alky  1    complexes. ^^     Since  this  initial  report,  the  addition  of 
amines  to  coordinated  olefins  has  been  the  subject  of  considerable 
interest. •^S     a  limiting  factor  to  this  approach  is  that  a  stable  metal- 
alkyl  complex  is  produced,  thus  eliminating  any  possibility  for 
catalytic  activity.     The  M-C  is  then  cleaved  with  an  acid,  an 
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electrophile,   or  an  oxidant  (Figure   1.3),  generating  the  functionalized 
organic   molecule. 


M  — 


+    NR3 


Figure   1.3.  Stoichiometric  addition  of  an  amine  to  a  coordinated 
olefin. 


Recently,  Trogler  reported  the   amination  of  activated   olefins 
using    bis(phosphine)palladium   dialkyl   complexes    as   catalysts.'*^    xhe 
catalytic  cycle  for  these  amination  reactions  can  be  found  in  Figure 
1.4.     The  cycle  begins  with  protonation  of  an  alkyl  group  on  the  metal 
center  by  an   ammonium  salt,  followed  by  coordination  of  the  neutral 
amine.      The   Pd-amine  interaction   for  Pd(Il)   bis(phosphine) 
complexes   is    weak,50  and  the  amine  is  displaced  by  an  electron- 
deficient  olefin.     The  coordinated  olefin  is  now  susceptible  to 
nucleophilic   attack  by   free   amine,   and   the   palladium-alkyl   complex 
(C)  is  generated.     Protonolysis  of  the  alkyl  group  with  the  ammonium 
salt  affords  the  new  ammonium  salt  D   as  well  as  the  active  catalytic 
species   A.     Although  this  system  is  quite  effective,  it  is  limited  in  its 
utility.     Only  activated  olefins  such  as  acrylonitrile,  acrolein,  and 
methyl  acrylate  can  displace  the  amine  and   are  aminated  by  the 
Pd(II)  catalyst.      Attempts  to  aminate   unactivated   olefins  resulted   in 
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NRR-R" 


Figure   1.4.  Catalytic  cycle  for  the  amination  of  an  olefin  by 

nucleophilic  attack  of  an  amine  on  a  coordinated  olefin. 


the   formation   of  decomposition   products   and   recovery   unreacted 
olefin. 

Another  approach  to  the  amination  of  olefins  can  be  seen  in 
Figure  1.5.     This  catalytic  cycle  consists  of  the  following  three  steps: 
i)  N-H  oxidative  addition  to  the  metal  center,  ii)  insertion  of  an 
unsaturated  organic  molecule  into  the  M-N  bond,   and  iii)  reductive 
elimination  and  regeneration  of  the  catalytic  species.     Due  to  the 
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limited  number  of  examples  involving  the  oxidative  addition  of  N-H 
bonds    to    transition -metal    centers,^! '42  little  is  known  about  the 
mechanism  of  the  catalytic  cycle  in  Figure  1.5.     This  approach, 
however,  does  take  advantage  of  the  relatively  weak  M-N  bond  of 
late-transition-metal   amide  complexes.      Bryndza  and   Bercaw   have 
experimentally  demonstrated   the  Ru-N  and   Pt-N  bonds   of 
Cp*(PMe3)2RuNPh2  and  (DPPE)MePtN(Me)Ph  (DPPE=  1,2- 
bis(diphenylphosphino)ethane   are   on   the   order  of   17   and    15 
kcal-mol"l  respectively  weaker  than  the  similar  Ru-C  and  Pt-C 
bonds. 3 7     The  insertion  of  olefins  and  acetylenes  into  metal-carbon 
bonds  has   been  observed  for  a  variety  of  late-transition   metal 
complexes;51    therefore   the   insertion   of  these   unsaturated   substrates 
into  the  M-N  bond  might  be  facile.     The  reactivity  of  late-transition- 
metal  amide  complexes  with   unsaturated   organic  molecules   will  be 
discussed  in  greater  detail  in  Chapter  4. 

To  date,  there  is  only  one  example  of  the  catalytic 
hydroamination  of  an  olefin  that  involves  N-H  oxidative  addition. 
Casalnuovo   et  al.  have  successfully  added  the  N-H  bond  of  aniline 
across   the   carbon-carbon   bond   of  norbornene,   generating   exo-2- 
(phenylamino)norbornane    (eq.    1.1 2). 5 2     Their  approach  to  the  design 

Ir(PE^)2(C2H4)a       PhHNL^^K 

+  H,NPh  — i^y  ^     iX-^  ^'-''^ 

of  a  homogeneous  catalytic  sytem  was  accomplished  in  a  stepwise 
manner.     Addition  of  aniline  to  Ir(PMe3)3(C8Hl4)Cl  resulted  in  N-H 
activation,  and  generaton  of  Ir(PMe3)3(NHPh)(H)Cl.     The  structure  of 
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Figure   1.5.  Catalytic  cycle  for  the  amination  of  an  olefin  by 
N-H  oxidative  addition   to  a  transition-metal. 
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the  amido  complex  revealed  cis  stereochemistry  with  respect  to  the 
anilide  and  hydride  moieties.     When  Ir(PEt3)2(C2H4)Cl  (I)  was 
refluxed  in  the  presence  of  aniline  and  excess  norbornene,   the 
insertion  product  II  was  isolated  (eq.    1.13).     Reductive  elimination 
was  observed  by  thermolysis  at  80  °C  in  the  presence  of  trapping 
ligands,  or  at  room  temperature  in  the  presence  of  a  catalytic  amount 
of  ZnCl2(eq.  1.14). 


Ir(PEt3)2(C2H4)Cl 


H 

EtjP. 


''o,W 


+  H2NPh  ►  "Ir^^    \^-^A(1.13) 

EtjP^    I  ^NHPh 

a 

II 


H 

EtjP 


ZnQ-, 


-*^     PhHN.^..^x^K 


""'Ir^^^**'\.^^^A  \       L\      (1.14) 

EtgP        I       NHPh  80°CTHF 

a  III 

II 


By  defining  each  step  of  the  catalytic  cycle  in  Figure  1.5,  a  catalytic 
process  was  developed  for  the  hydroamination  of  norbornene.      The 
addition  of  aniline  to  norbornene  in  the  presence  of  I  and  one 
equivalent  of  ZnCl2  in  refluxing  THF  for  48  hours  results  in  the  slow 
formation  of  III  (2  to  6  turnovers).     In  a  control  experiment,  the 
formation  of  III  was  not  observed  when  aniline  was  added  to 
norbornylene  in  the  absence  of  the  iridium  catalyst  I. 
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An   Investigation   of  PalladiumaP    Amide   Complexes 

Our  research  interests  have  focussed   on  the  preparation  of 
monomeric  palladium(II)  amide  complexes.      While  the  number  of 
late-transition-metal   amide  complexes   is  increasing,      there  are   only  a 
limited   number  of  palladium(II)   amide   complexes   that   have   been 
characterized.      The   first  isolated   and   characterized  palladium(II) 
amide  complex  was  reported  by  Fryzuk  in   1982.31a     The  synthesis 
involves  the  addition  of  an  anionic  tridentate  ligand  to  Pd(PhCN)2Cl2 
(eq.   1.15).     The  reaction  takes  advantage  of  the  coordination  of  the 
"soft"  phosphine  ligands  to  the  palladium  metal  center.     While  this 
compound  is  fairly  stable,  it  is  limited  in  reaction  chemistry  with 
respect  to  the  Pd-N  bond.31a,b     Trogler  has  recently  reported  the 
synthesis   of  hydrido   amido   complexes   of  palladium(II).30a    The 
preparation   of  these   complexes    also   involves   transmetallation 
reactions  (eq.   1.16).     Unlike  the  chelate  stabilized  amide  complex 
reported  by  Fryzuk,  the  amide  complex  in  eq.   1.16  is  thermally 
unstable   at  room  temperature,   and   decomposes   to   form  aniline   and 
Pd(PCy3)2. 

^ — PPh2 

MeoSi  \ 

A     \ 

Pd(PhCN)2Cl2   +  LiN(SiMe2CH2Ph2)2 ►      N Pd Q  (1.15) 

^ PPh2 
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;ra«5-PdHCl(PCy3)2    +    NaNHPh 


PCy3 

I 

^     H Pd NHPh  (1.16) 


PCys 


The  lack   of  stable  palladium(II)   amide  complexes  warranted  a 
thorough  investigation  into  this  class  of  compounds.     In  Chapter  3,  a 
convenient  method   for  the   synthesis   of  palladium(II)   amide 
complexes  will  be  discussed.     The  emphasis  of  this  chapter  will  be  on 
the  characterization   of  monomeric   and  dimeric   amide  complexes, 
with  a  detailed  discussion  of  their  structure  and  bonding.     Our 
findings  in  Chapter  3   provided  a  better  understanding  of  the  Pd-N 
bond,  and  prompted  us  to  investigate  the  reactivity  of  the  amido 
group.     In  Chapter  4,  the  reactivity  of  the  Pd-N  bond  with 
unsaturated  organic  molecules  will  be  discussed.     As  outlined  in 
Figure   1.5,   the  insertion  of  an  unsaturated  substrate  into  the  M-N 
bond  generated  a  new  carbon-nitrogen  bond.     The  potential  of 
palladium(II)   amide   complexes   to   facilitate   carbon -nitrogen   will  be 
the  emphasis  of  this  chapter.     In  Chapter  5,  attempts  to  prepare 
molecules  with  Pd-N  multiple  bonds,  referred  to  as  imido  complexes, 
will  be  presented.     The  potential  of  these  compounds  to  behave  as 
nitrogen-transfer  reagents  will  be   the  focus   of  this  chapter. 


CHAPTER  2 
EXPERIMENTAL 

General    Considerations 


All  procedures  were  carried   out  under  an  atmosphere  of  argon, 
using  either  Schlenk  or  drybox   techniques.      Diethyl  ether,  pentane, 
and  hexane   were   distilled   from   sodium/benzophenone.      Toluene  and 
tetrahydrofuran   were   dried   by   refluxing    over   potassium   metal. 
Methylene  chloride  was  distilled  over  P2O5.     Deuterated  solvents 
were  dried  over  molecular   sieves,   and   degassed   using   freeze-thaw 
techniques.     NMR  spectra  were  obtained  on  either  General-Electric 
QE-300  or  Varian  VXR-300  spectrometers.     Proton  or  carbon 
chemical  shifts  were  referenced  to  residual  signals  in  the  solvent  and 
are  reported  relative  to  TMS,  31p  chemical   shifts  are  reported 
relative  to  external  85%  H3PO4.   l^F  chemical  shifts  were  reported  to 
external   CCI3F  in  C6D6.     Infared  data  were  obtained  using  a  Perkin- 
Elmer   1600   spectrometer.      Elemental   analyses   were  performed  by 
Atlantic  Microlabs,  Inc.,  or  the  analytical  services  of  this  department. 
Mass  spectroscopy  data  were  obtained  with  a  Finnigan  4500  Gas 
Chromatograph/    Mass    Spectrometer. 

The  following   compounds   were  purchased   from   Aldrich 
Chemical  Co.  and  used  directly  without  further  purification: 
dimethylacetylene    dicarboxylate,    methyl    propiolate,    maleic 
anhydride,   methyl   2-butynoate,   methyl   iodide,   phenyl   isocyanate,   t- 
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butyl   isocyanate,   2,6-diisopropyl   isocyanate,   4-iodoanisole,    2- 
iodoaniline,    1,2,3,4,5-pentafluoroaniline, 

3,5-bis(trifluoromethyl)aniline,    PCy3,  PdCl2,    and  Pd(0Ac)2.     Aniline 
and   N-methylaniline   were   distilled   from   sodium   metal. 
Trimethylphosphine  was  prepared  by  the  addition  of  CHsMgl  to 
P(0Ph)3   in  n-butyl  ether.     Diphenyl  ketene  was  prepared  using 
literature    procedures. 5  4 

All   potassium   amides   were  prepared   by   the  reaction   between 
the  corresponding  aniline  and  KH  in  THF,  with  KN(Me)Ph  prepared  by 
modified    literature    procedures. 5 5     The  compounds  trans- 
(PMe3)2Pd(Ph)I  (14)56,  fran.s-(PMe3)2Pd[CH=C(H)C6H5]Br  (21)57. 
and  fran^-(PMe3)2Pd(CH3)I  (22)58  were   prepared   by   literature 
L  procedures.     The  compounds  rran5-(PMe3)2Pd(p-OCH3-C6H4)I  (16) 

}:  and  fran5-(PMe3)2Pd(o-NH2-C6H4)I  (17)  were  prepared  by  the 

addition  of  4-iodoanisole  and  2-iodoaniline  to  a  solution  of 
Pd(PMe3)459  in  pentane.     The  compound  c/5-Pd(PMe3)2(CH3)2  was 
prepared  by  the  addition  of  excess  of  MeLi  to  a  diethyl  ether  solution 
of  fran5-Pd(PMe3)Cl2.^0    The  compound  rra«5-Pd(PMe3)2l2  was 
prepared    using    literature    procedures^! .     The  compound  trans- 
Pd(PCy3)2l2   was  prepared  by  the  addition  of  two  equivalents  of 
PCy3  to  a  solution  of  fran5-Pd(PhCN)2l2  in  diethyl  ether.    The 
compounds  [(C6H4CH=NR)PdCl]2^2  and 
[(C6H4CH=NR)Pd(NCCH3)2][BF4]63  (R=Ph,  Pri)  were  prepared  by 

literature  procedures.     The  compound  [(C6H4CH=NR)PdI]2  was 
prepared  by  ion  exchange  with  Nal  and  [(C6H4CH=NR)PdCl]2  in 
acetone.    The  compounds  trans-  (PMe3)2Pcl(C6H4CH=NR)I  (12,  R  = 
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Pfi;  13,  R  =  Ph)  were  prepared  by  the  addition  of  excess  PMe3  to 
[(C6H4CH=NR)PdI]2  in  CH2CI2. 

Synthesis    and    Characterization 

Preparation  of  rC^HdC(H^=NPri)Pd(PMe^)^irBF4l  (41 

To  a  solution  of  [C6H4CH=NPri)Pd(CH3CN)2][BF4]  (4.90  g,  12.18 
mmol)  in  150  ml  of  CH2CI2  was  added  three  equivalents  of  PMe3 
(26.68  ml,  36.54  mmol;   1.32  M  in  toluene),  and  the  suspension  was 
stirred  for  one  hour.     Solvent  was  removed  under  reduced  pressure, 
and  6.32  g  of  4  was  isolated;  yield  91.4%.     Recrystallization  from 
dichloromethane/diethyl  ether  gave   yellow   crystals.      A   single  crystal 
suitable  for  X-ray  diffraction  was  grown  by  layering  a  CH2CI2 
solution  with  diethyl  ether.    Anal.  Calcd.  for  Ci9H39BF4NP3Pd:  C, 
40.20;  H,  6.88;  N,  2.47.    Found:  C,  39.91;  H,  6.97;  N,  2.31. 

Preparation  of  rC^H4C(m=NPhlPd(PMe^)-^irBF4l  (5) 

To  a  solution  of  [C6H4CH=NPh)Pd(CH3CN)2][BF4]  (4.54  g,  10.00 
mmol)  in  150  ml  of  CH2CI2  was  added  three  equivalents  of  PMe3 
(30.96  ml,  30.96  mmol;   1.0  M  PMe3   in  toluene),  and  the  suspension 
was  stirred   for  one  hour.     Solvent  was  removed  under  reduced 
pressure,  and  5  was  isolated  as  an  off-white  powder;  yield  95%. 
Anal.  Calcd.  for  C22H37BF4NP3Pd:  C,  43.91;  H,  6.15;  N,  2.33.    Found:  C, 

43.82;  H,  6.29;  N,  2.20. 


21 

Preparation  of  rraw^-(PMe^^9Pd(C^HdCrH^=NPri¥NHPh^  (9^ 

A  solution  of  4  (2.00  g,  3.53  mmol)  in  100  mi  of  THF  was  cooled 
to  -60°C.    To  this  solution  was  added  KNHPh  (472.4  mg,  3.60  mmol) 
as  a  solution  in  THF.     Once  all  the  amide  was  added,  the  mixture  was 
warmed  to  room  temperature  and  stirred  for   12  hours.     The  solution 
was  a  deep  orange-red  with  a  very  fine  suspended  solid.     The  solvent 
was   removed   under   reduced   pressure,   the   residue   was   extracted 
with  diethyl  ether  (4x50  ml)  and  the  extract  was  concentrated  to 
approximately  10  ml  and  cooled  to  0  °C.     After  two  recrystallizations, 
bright  yellow  crystals  of  9   were  isolated  (698  mg);  yield  37.5%. 
Anal.  Calcd.  for  C22H35N2P2Pd:  C,  50.06;  H,  6.87;  N,  5.31.    Found:  C, 
49.93;  H,  7.01;  N,  5.29. 

Addition  of  Cmi  to  fra/i.v-(PMe^^9Pd(C^HdC(H^=NPriVNHPh^  (9) 

In  the  drybox,  a  solution  of  trans- 
(PMe3)2Pd(C6H4C(H)=NPri)(NHPh)  (9)  (20  mg,  0.04  mmol)  in  0.5  ml 
of  C6D6  was  prepared.    To  this  solution,  excess  CH3I  was  added  (5  ^il). 
After  12  hours  at  room  temperature,  9    was   completely  converted  to 
fran5-(PMe3)2Pd(C6H4C(H)=NPri)I  (41)  and  N-methylaniline. 

Preparation  of  rran.y-(PMei^?PdrC^H4CfH^=NPhKNHPh>    (10) 

A  solution  of  [C6H4C(H)=NPh)Pd(PMe3)3][BF4]  (1.00  g,  1.66 
mmol)  in  30  ml  of  THF  was  cooled  to  -78  °C.    To  this  solution  was 
added  KNHPh  (240  mg,  1.83  mmol)  as  a  solution  in  THF.    Once  all  the 
anilide  was  added,   the  reaction   mixture  was  warmed   to  room 
temperature   and   stirred   for    12   hours.      Solvent  was   removed   under 
reduced   pressure   and   the   remaining   residue   was   extracted   with 
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diethyl  ether  (2  x  50  ml).     The  combined  extracts  were  filtered, 
concentrated  to  ca.  30  ml,  and  cooled  to  0  °C.    After  two 
recrystallizations,   bright  yellow   crystals   of  10  were   isolated   (557 
mg),  yield  63.3%.    IR  (nujol):  1615  cm-l  (vc=n).    Anal.  Calc.  for 
C26H36N2P2Pd:  C,  56.56;  H,  6.41;  N,  5.28.    Found:  C,  56.31;  H,  6.50;  N, 
5.19. 

Preparation  of  frfln.v-rPMe^^9PdrPhVNHPh)    ri5) 

A  solution  of  trans-(PMe3)2Pd(Ph)l  (278  mg,  0.60  mmol)  in  20 
ml  of  THF  was  cooled  to  -78  °C.    To  this  solution  was  added  KNHPh 
(118  mg,  0.90  mmol)  as  a  solution  in  THF.    Once  all  the  anilide  was 
added,   the  reaction   mixture   was   warmed   to  room   temperature   and 
stirred  for   12  hours.      Solvent  was  removed  under  reduced  pressure, 
and   the  remaining  residue   was   extracted  with   diethyl  ether     ■ , 
(2x1 5ml).     The  orange  extracts  were  filtered,  concentrated  to  ca.   10 
ml,  and  cooled  to  0  °C.     Yellow  crystals  of  15  were  then  isolated  by 
filtration  at  0  °C  (135  mg);  yield  52.6%.    A  crystal  suitable  for  X-ray 
diffraction  studies  was  grown  from  diethyl  ether  at  0  °C.     IR  (nujol): 
3327  cm-1  (dn-h)-    Anal.  Calc.  for  Cl8H29NP2Pd:  C,  50.54;  H,  6.79;  N, 
3.28.    Found:  C,  49.81;  H,  6.90;  N,  3.20. 

Preparation  of  fran.v-(PMe^)9Pd(PhUllNHPh)   (15-li-N) 

The  15N-Iabelled  compound   fran5-(PMe3)2Pd(Ph)(i5NHPh) 
(15-15N)  was  synthesized  following  the  same  procedure  for  15   using 
fran5-(PMe3)2Pd(Ph)I  and  KiSNHPh.  1h  NMR  (C6D6):  51.66  ppm  (d, 
Jn-h  =  69  Hz,  15N-H,  IH). 
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Preparation  of  trans-(PMe'\)lPd(Cf.HA-pOCU^)(NnPh)  (U) 

A  solution  of  /ran5-(PMe3)2PcI(C6H4-pOCH3)I  (261  mg,  0.57 
mmol)  was  dissolved  in  20  ml  of  THF  and  cooled  to  0  **€.    To  this 
solution  was  added  KNHPh  (112  mg,  0.86  mmol)  as  a  solution  in  THF. 
The  solution  was  allowed  warm  to  room  temperature  and  stir  for  two 
hours,  at  which  time  the  solution  changed  to  bright  yellow.     Solvent 
was   removed   under  reduced   pressure,    and   the   remaining   residue 
was  extracted  with  diethyl  ether  (15  ml).     The  extract  was 
concentrated  to  ca.  10  ml  and  cooled  to  0  °C.     Recrystallization 
afforded  81  mg  of  18  as  yellow  crystals;  yield  31.0%.     Anal.  Calcd.  for 
Ci9H3iNOP2Pd:  C,  49.85;  H,  6.78;  N,  3.06.    Found:  C,  49.69;  H,  6.87;  N, 

3.02. 

Preparation  of  frflw.v-(PMe^)9Pd('o-NH9-C^HdVNHPh)  (19) 

A  solution  of  fran5-(PMe3)2Pci(o-NH2-C6H4)I  (652  mg,  1.37 
mmol)  was  dissolved  in  20  ml  of  THF  and  cooled  to  -78  °C.    To  this 
solution  was  added  KNHPh  (215  mg,  1.64  mmol)  as  a  solution  in  THF. 
Once  all  the  amide  was  added,  the  solution  was  warmed  to  room 
temperature  and  stirred  for  12  hours.     The  solution  color  was  green- 
yellow  with  a  fine   suspended  precipitate.      Solvent  was  removed 
under   reduced    pressure,    and    the   remaining   residue    was   extracted 
with  diethyl  ether  (2  x  20  ml).     The  yellow  filtrate  was  concentrated 
to  ca.  15  ml  and  cooled  to  0  °C,  affording  370  mg  of  19  as  yellow 
crystals;  yield  61.3%.     IR  (nujol,  cm-1):  3295,  3339,  3374,  3409  (\)n- 
h).   Anal.  Calc.  for  Ci8H30N2P2Pd:  C,  48.82;  H,  6.78;  N,  6.33.    Found:  C, 
46.69;  H,  6.61;  N,  5.97. 
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Preparation  of  rran.y-(PMe^)9PdrCH=CrH)C^Hs1(NHPh^  (21^ 

In  a  Schlenk  tube,  /ran5-(PMe3)2Pd[CH=C(H)C6H5]Br  (647 
mg,1.47  mmol)  and  KNHPh  (231  mg,  1.76  mmol)  were  cooled  to  -60 
°C  and    dissolved  in  20  ml  of  cold  (-60  °C)  THF.    The  solution  was 
warmed  to  room  temperature,  at  which  time  the  formation  of  a  fine 
precipitate  was  observed     After  stirring  for  2  hours  at  room 
temperature,  removal   of  solvent   under  reduced   pressure  followed   by 
extraction   with  diethyl  ether  (30  ml)  afforded   a  deep  orange 
solution.     The  solution  was  concentrated  to  ca.  15  ml  and  cooled  to  0 
°C,  affording  21  as  bright  yellow  crystals  (145  mg);     yield  28.3%.    IR 
(nujol)  3342  cm-1  (dn-h),  1580  cm-l  (dc=c)-    Anal.  Calc.  for 
C20H3lNP2Pd:  C,  52.93;  N,  6.84;  N,  3.09.    Found:  C,  52.68;  H,  6.93;  N, 
3.01. 

Preparation  of  trans-(PMe^)'7Pd(CH'^)(NHPh)   ^23) 

A  Schlenk  tube  was  charged  with  fra/i^-(PMe3)2Pd(CH3)I  (500 
mg,  1.25  mmol)  and  KNHPh  (149  mg,  1.14  mmol).     The  solids  were 
then  dissolved  in  20  ml  of  THF  at  room  temperature,  at  which  time 
the  solution  color  became  pale  yellow  with  the  formation  of  a  fine 
white  precipitate.      After  stirring  for   12  hours   at  room  temperature, 
the   solvent   was   removed   under  reduced   pressure,    and   the   remaining 
residue  was  extracted  with  20  ml  of  diethyl  ether.     The  orange- 
yellow  solution  was  filtered,  concentrated  to  ca.   10  ml,  and  cooled  to 
0  °C,  affording  yellow  crystals  of  23  (80  mg);  yield  19.3%.    Due  to  the 
tendency  of  23   to  readily  form  the  dimer  34,  this  was  the  best 
analysis  we  were  able  to  obtain.     IR  (nujol):  3340  cm-1  (uN-H)-    Anal. 
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Calcd.  for  Cl3H27NP2Pd:  C,  42.69;  H,  7.39;  N,  3.83.    Found:  C,  41.71;  H, 
7.26;  N,  3.71. 

Addition  of  Aniline  to  ct\y-Pd(PMe^^?(CH^)9 

In  the  drybox,  cj.s-Pd(PMe3)2(CH3)2  (35  mg,  0.12  mmol)  was 
dissolved  in  0.5  ml  of  C6D6.     To  this  solution  was  added  one 
equivalent  of  aniline  (11  |il).     The  solution  was  then  sealed  in  an  NMR 
tube  fitted  with  a  Youngs  teflon  valve.     The  sample  was  placed  in  a 
temperature  controlled  oil  bath,   and   the  progress  of  the  reaction  was 
monitored  by  NMR  spectroscopy. 

Preparation  of  frfln^-(PMe^')9PdrPh')rN('Me^Ph1    (26) 

A  solution  of  /ran5-(PMe3)2Pd(Ph)I  (450  mg,   1.05  mmol)  was 
dissolved  in  20  ml  of  THF  and  cooled  to  0  °C.    To  this  solution  was 
added  KN(Me)Ph  (229  mg,  1.58  mmol)  as  a  solution  in  THF.    The 
solution  was  allowed  to  warm  to  room  temperature  and   was  stirred 
for  12  hours.     The  solution  color  was  orange-yellow,  and  a  fine  solid 
was  present.      Removal  of  solvent  under  reduced  pressure  followed 
by  extraction  with  diethyl  ether  (15   ml)  afforded  a  yellow  solution. 
The  solution  was  filtered,  concentrated  to  ca.   10  ml  and  cooled  to 
0  °C,  at  which  time  yellow  crystals  of  26  had   developed   (147   mg); 
yield  31.6%.    Anal.  Calc.  for  Ci9H3iNP2Pd:  C,  51.65;  H,  7.02;  N,  3.17. 
Found:  C,  51.71;  H,  7.11;  N,  3.16. 

Preparation  of  trans-(PMe^)7Pd(Ph)(NPh'))  (271 

A  solution  of  r/'an5-(PMe3)2Pd(Ph)l  (270  mg,  0.59  mmol)  was 
dissolved  in  20  ml  of  THF  and  cooled  to  -78  °C.    To  this  solution  was 
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added   KNPh2  (184  mg,  0.89  mmol)  as  a  solution  in  THF.    The  solution 
was  then  allowed  to  warm  to  room  temperature  and  stir  for   12 
hours.      Solvent  was  removed  under  reduced  pressure,  and  the 
remaining  residue  was  extracted  with  diethyl  ether  (20  ml).     The 
yellow  solution  was  filtered  and  concentrated  to  ca.   10  ml. 
Recrystallization  from  diethyl  ether  at  0  °C  afforded  27  as  yellow 
crystals  (118  mg);    yield  39.7%.    Anal.  Calc.  for  C24H33NP2Pd:  C, 
57.21;  H,  6.56;  N,  2.78.    Found:  C,  57.11;  H,  6.54;  N,  2.75. 

Preparation  of  r/-fln.Y-(PMe^^9PdrPhVNH-2.6-iPr9C^H^^  (2S) 

A  solution  of  r/-a«5-(PMe3)2Pd(Ph)I  (316  mg,  0.69  mmol)  was 
dissolved  in  15  ml  of  THF  (25  °C).    To  this  solution  was  added  KNH- 
2,6-iPr2-C6H3  (223  mg,  1.04  mmol)  as  a  solution  in  THF  at  room 
temperature.     The  solution  was  allowed  to  stir  for  12  hours.     The 
yellow   solution   was   filtered,   and   solvent  removed   under  reduced 
pressure.      The  yellow-brown  oil  was  extracted  with  diethyl  ether  (15 
ml),  and  the  filtrate  was  cooled  to  0  °C.    After  several  days  at  0  °C, 
yellow  crystals  of  28  were  collected  (110  mg);     yield  31.2%.     IR 
(nujol):  3385  cm-1  (^)n-h).    Anal.  Calc.  for  C24H4lNP2Pd:  C,  56.32;  H, 
8.02;  N,  2.74.    Found:  C,  55.21;  H,  8.08;  N,  2.53. 

Preparation  of  /rfl/i.y-(PMe^)9PdrPhVNHPh-pCH^)  (29) 

A  solution  of  //•an5-(PMe3)2Pd(Ph)I  (479  mg,   1.12  mmol)  was 
dissolved  in  20  mi  of  THF  and  cooled  to  0  °C.    To  this  solution  was 
added  KNHPh  (244  mg,  1.68  mmol)  as  a  solution  in  THF.    Once  all  the 
amide   was   added,   the   solution   was   warmed   to  room  temperature   and 
stirred  for  12  hours.     The  solution  color  was  green-yellow  with  a 
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finely  suspended  solid.      Solvent  was  removed   under  reduced 
pressure,   and   the   remaining   residue   was   extracted   with   diethyl   ether 
(20  ml).     Recrystallization  at  0  °C  afforded  154  mg  of  29  as  yellow 
crystals;    yield  31.1%.    IR  (nujol,  cm"!):  3333  (dn-h)-    Anal.  Calcd.  for 
Cl9H3iNP2Pd:  C,  51.65;  H,  7.02;  N,  3.17.    Found:  C,  49.31;  H,  7.07;  N, 
2.80. 

Preparation  of  /ra/2.y-(PMe^>7Pd(C^HdC(H^=NPhKNHPh-pCH-^>  (30) 

A  solution  of  [(C6H4C(H)=NPH)Pd(PMe3)3][BF4]  (900  mg,  1.50 
mmol)  was  dissolved  in  75  ml  of  THF  and  cooled  to  -78  °C.    To  this 
solution  was   added  KNHPh-pCH3  (218  mg,  1.50  mmol)  as  a  solution 
in  THF.     Once  all  the  amide  was  added,  the  reaction  mixture  was 
warmed  to  room  temperature  and  stirred  for   12  hours.      Solvent  was 
removed   under  reduced   pressure,    and   the   remaining   residue   was 
extracted  with  diethyl  ether  (3x50  ml).     The  solution  was  filtered, 
and  the  solvent  was  removed  by  reduced  pressure.     The  remaining 
residue  was  extracted  with  pentane  (3x30  ml).     Upon 
recrystallization  from  pentane  at  0  °C,  30  was  isolated  as  a  yellow 
crystaline  solid  (254  mg);    yield  31.1%.    IR  (nujol)  1605  cm-1  (\)c=n). 
Anal.  Calc.  for  C26H36N2P2Pd:  C,  57.31;  H,  6.61;  N,  5.14.    Found:  C, 
57.06;  H,  6.69;  N,  5.03. 

Preparation  of  trans-(PMe^)')P(i(Cfs}idC(m=NPh)(NCdHd)  (31) 

A  solution  of  [C6H4C(H)=NPri)Pd(PMe3)3][BF4]  (220  mg,  0.37 
mmol)  was  dissolved  in  20  mi  of  THF  and  cooled  to  -78  °C.    To  this 
solution,  KNHPh  (59  mg,  0.55  mmol)  as  a  solution  in  THF  (25  °C)  was 
added.     Upon  addition  of  the  amide  reagent,  the  solution  was  allowed 
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to  warm  to  room  temperature  and  stir  for  four  hours.     Solvent  was 
removed   under  reduced   pressure,   and   the   remaining   residue   was 
extracted  with  diethyl  ether  (2  x   15  ml).     The  bright  yellow  solution 
was  filtered  and  concentrated  to  ca.  10  ml.     Recrystallization  at  0  °C 
afforded  bright  yellow  crystals  of  31  (84  mg);    yield  45.5%.    Anal. 
Calcd.  for  C23H32N2P2Pd:  C,  54.72;  H,  6.34;  N,  5.56.    Found:  C,  52.53; 
H,  6.10;  N,  5.31. 

Preparation  of  r(PMe3^')Pd(PhKu-NHPh)l2_(32) 

In  a  Schlenk,  15  (117  mg,  0.27  mmol)  was  warmed  to  90°  C  at 
200  mtorr  for  12  h,  at  which  time  the  yellow  solid  was  converted  a 
grey  powder.     Recrystallization  of  the  grey  powder  from  diethyl 
ether  at  0  °C  afforded  32   as  white  microcrystals  (64  mg),  yield 
33.4%.     A  crystal  suitable  for  X-ray  diffraction  studies  was  grown 
from  diethyl  ether.    IR  (KBr):  3292  cm-1  (\)n-h)-    Anal.  Calc.  for 
C30H40N2P2Pd2:  C,  51.22;  H,  5.69;  N,  3.98.    Found:  C,  51.23;  H,  5.72; 
N,  3.95. 

Preparation  of  r(PMe^^PdrCH^Vu-NHPh^l9  (34) 

In  a  Schlenk  tube,  23   (174  mg;  0.48  mmol)  was  warmed  to  70 
°C  under  reduced  pressure  (200  mtorr)  for  16  hours,  at  which  time 
the  yellow  solid  was  converted  to  a  white  powder  (111   mg);     yield 
80.6%.     IR  NMR  revealed  complete  conversion  of  23  to  the  dimer  34. 
Recrystallization   of  34  from  diethyl  ether  at  0  °C  afforded  crystals 
suitable  for  elemental  analysis.    Anal.  Calcd.  for  C20H36N2P2Pd:  C, 
41.47;  H,  6.22;  N,  4.84.    Found:  C,  41.54;  H,  6.29;  N,  4.75. 
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Addition   of  PMe^  to  Compounds  32  and  3  4 

In  the  drybox,  approximately  20  mg  of  dimer  was  dissolved  in 
0.5  ml  of  C6D6  in  an  NMR  tube  that  was  fitted  with  a  Youngs  teflon 
valve.     To  this  solution  was  added  three  to  four  equivalents  of  PMe3 
as  a  solution  in  C6D6.     The  conversion  of  32  and  34  to  15  and  23 
respectively   was   monitored  by  NMR   spectroscopy. 

Preparation  of  (PMel>Pd(C^H4.CH=NPri^I  (37) 

A  solution  of  [Pd(C6H4CH=NPri)I]2  (195  mg;  0.257  mmol)  was 
dissolved  in  10  ml  of  CH2CI2  at  room  temperature.  To  this  solution, 
PMe3  was  added  (0.515  mmol;  0.78  ml  of  0.66  M  PMe3  in  THF).  '•' 

Upon  addition  of  PMe3,  the  solution  color  changed  from  orange  to 
yellow.     After  stirring  for  30  minutes  at  room  temperature,  solvent 
was  removed  under  reduced  pressure,   affording    135   mg  of  37  as  an 
oily  orange  solid;     yield  100%. 

Preparation  of  rrPMe3^)Pd(C^H4CH=NPri)r^-NHPh)  (36) 

(a)  In  a  Schlenk  tube,  9  (15  mg)  was  warmed  to  85  °C  under 
reduced  (400  mtorr).     After  24  hours,  the  yellow  solid  was  converted 
to  a  brown  oil.    The  ^H  NMR  spectrum  of  the  oil  in  C6D6  revealed 
that  9   was  completely  converted  to  the  dimeric   amide  complex  36, 
with  no  indication  for  the  formation  of  35. 

(b)  Compound  37  (135  mg;  0.30  mmol)  was  dissolved  in  10  ml 
of  THF  at  room  temperature.     To  this  solution,  KNHPh  (47  mg;  0,357 
mmol)  as  a  solution  in  THF  (25  °C).     Upon  addition  of  the  amide 
reagent,  the  solution  color  changed  from  yellow  to  orange.     After 
stirring  for  one  hour  at  room  temperature,   solvent  was  removed 
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under  reduced  pressure.     The  orange  residue  was  extracted  with   15 
ml  of  diethyl  ether.     The  extract  was  filtered  and  concentrated  to  ca. 
10  ml.     After  several  days  at  0  °C,  orange  microcrystals  were  isolated 
(21  mg).    The  31p{lH}  NMR  spectrum  in  C6D6  was  consistent  with 
the  31p  NMR  spectrum  of  36. 

Thermolysis    Studies 

The   thermolysis   of  compounds   9,  15,  23,  32,  34,  and  36   were 
performed   by  an  identical  procedure.      A  typical  experiment  involved 
dissolving  15-20  mg  of  amide  complex  in  0.5  ml  of  C6D6  or  dg- 
toluene  in  an  NMR  tube  fitted  with  a  Youngs  teflon.     The  NMR  tube 
was  placed  in  an  oil  bath,  with  the  temperature  controlled  by  an  I^R 
thermowatch.     The  reaction  was  monitored  by  NMR  spectroscopy. 

Preparation  of  c/^-(PMel)7Pd(CH^VNHPh)  (38) 

A  solution  of  fran5-(PMe3)2Pd(CH3)I  (1.036  g,  2.59  mmol)  in 
THF  (15  ml)  was  cooled  to  0  °C.    To  this  solution  was  added  KNHPh 
(407  mg,  3.10  mmol)  as  a  solution  in  THF  (0  °C).    Upon  addition  of  the 
amide  reagent,  the  solution  color  changed  from  bright  yellow  to  off- 
white.    The  solution  was  allowed  to  stir  for  15  minutes  at  0  °C,  at 
which  time  a  fine  precipitate  had  formed.      Solvent  was  removed 
under   reduced    pressure,    and    the   remaining    orange-brown   residue 
was  extracted  with  diethyl  ether  (25  °C;  2x10  ml).     The  extracts  were 
collected   by   filtration,   and   solvent  was   removed   under  reduced 
pressure.     The  remaining  brown  oil  was  washed  with   15  ml  of 
hexane  (25   °C),  which  converted  the  oil  to  an  orange-brown  powder 
upon  drying  under  reduced  pressure  (241   mg);   yield  25.4%. 
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Recrystallization   of  38   from  diethyl  ether  affords  off-white  crystals, 

contaminated  by  small  amounts  of  34  as  detected  by  NMR 

spectroscopy. 

Preparation  of  r(PMei^Pd(CHlW^-CH9PMe9)l2_(40) 

In  a  Schlenk  tube,  rr<2n5-(PMe3)2Pd(CH3)2l  (215  mg,  0.54 
mmol)  and  LiCH2PMe2  (44  mg,  0.53  mmol)  were  cooled  to  -78  °C. 
The  solids  were  dissolved  in  25  ml  of  cold  (-78  °C)  THF.    The  solution 
was  allowed  to  warm  to  0  °C,  at  which  time  a  fine  white  precipitate 
had  formed.     After  the  solution  was  stirred  for  30  minutes,  solvent 
was  removed  under  reduced  pressure.     The  gray  oil  was  washed  with 
10  ml  of  cold  (0  °C)  diethyl  ether,  and  the  oil  was  converted  to  a 
white  solid  (81  mg);  yield  28.1%.     Crystals  suitable  for  X-ray 
diffraction   studies   were   recrystallized   from   diethyl   ether. 

Preparation  of  trans-(PMe^)oP(\(Ph)\OC(0)NHPM    r42^ 

Carbon  dioxide  gas  was  bubbled  into  a  pale  yellow  solution  of 
rran5-(PMe3)2Pd(Ph)(NHPh)  (139  mg,  0.33  mmol)  in  10  ml  of 
pentane  for  five  minutes.     During  this  time,  a  white-yellow 
precipitate  formed.     The  solution  was  allowed  to  stir  for  12  hours  at 
room  temperature  under  a  C02   atmosphere.      Solvent  was  removed 
under  reduced  pressure  to  afford   125  mg  of  42;   yield  81.6%. 
Recrystallization   of  42  from  diethyl  ether  at  0  °C  afforded  white 
crystals  suitable  for  analysis.     IR  (KBr,  crn-l):  3286  (vn-h),   1630 
(;)c=o).    Anal.  Calcd.  for  C19H29NO2P2PCI:  C,  48.37;  H,  6.15;  N,  2.97. 
Found:  C,  48.32;  H,  6.24;  N,  2.93. 
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Preparation  of  rrfln.y-(PMel)9Pd(Ph)rOCfO^C(H)=C(H^C(QWHPh1    (43) 

To  a  solution  of  rran5-(PMe3)2Pd(Ph)(NHPh)  (86  mg,  0.20 
mmol)  in   15  ml  of  pentane  was  added  maleic  anhydride  (22  mg,  0.22 
mmol).     The  solution  was  allowed  to  stir  for  12  hours  at  room 
temperature,   during  which  time  a  white  precipitate  formed.     The 
white  precipitate  was  isolated  by  filtration  and  washed  with  5  ml  of 
pentane  to  give  73  mg  of  crude  product  (43);  yield  69.5%. 
Recrystallization   of  43  from  diethyl  ether  at  0  °C  produced  white 
microcrystals  suitable  for  analysis.     IR  (KBr,  cm-1):  2731  (\)n-h),  1670 
(vc=o),  1621  (t)c=o),  1589  {vc=c).  Anal.  Calcd.  for  C22H3lN03P2Pd:  C, 
50.24;  H,  5.90;  N,  2.66.    Found:  C,  50.01;  H,  5.89;  N,  2.64.  ^ 

Preparation   of  frflw.y-(PMe^)9PHrPh)rNrPh)rrO)CfH)Ph9l  (45) 

Excess  diphenyl  ketene  (0.2  ml)  was  added  to  a  solution  of 
/ranj-(PMe3)2Pd(Ph)(NHPh)  (136  mg,  0.32  mmol)  in  15  ml  of 
pentane.     Immediate  formation  of  a  pale  yellow  precipitate  was 
observed.     The  solution  was  allowed  to  stir  for  12  hours  at  room 
temperature.     The  precipitate  was  isolated  by  filtration  to  give   135 
mg  of  crude  product  (45);  yield  68.3%.    IR  (KBr,  cm-1):  1598  (dc=o). 
HRMS  (CI)  Calcd.  for  C32H39NOP2Pd:  621.1666  (M+1).    Found: 
621.1620   (M+1). 

Preparation  of  rrfln.y-(PMe^)9PdfPh)rNrPh)C(0)NHrt-Bu)1    (47) 

To  a  solution  of  fra/i5-(PMe3)2Pd(Ph)(NHPh)  (103   mg,  0.22 
mmol)  in  10  ml  of  pentane  was  added  t-butyl  isocyanate.     A  white 
precipitate  formed  upon  stirring  for   12  hours.     Isolation  of  the  white 
solid  by  filtration  afforded  89  mg  of  47;  yield  75.8%.    IR  (KBr,  cm'l): 
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3334  (dn-h),  1616  (dc=o).    HRMS  (CI)  Calcd.  for  C23H38N20P2Pci: 
526.1493  (M+1).     Found:  526.1509  (M+1). 

Preparation  of  frfln.y-rPMei'>9PdrPhUNfPh>CrO^NH-2.6-iPr9- 
C6H31IM1 

To  a  solution  of  /ran5-(PMe3)2Pd(Ph)(NHPh)  (95  mg,  0.22 

mmol)  in   10   ml  of  pentane  was  added   2,6-diisopropylphenyl 
isocyanate  (71   nl,  0.33  mmol).     A  white  precipitate  formed  upon 
stirring  for  12  hours.     Isolation  of  the  white  solid  by  filtration 
afforded  93  mg  of  48;  yield  67.7%.    IR  (KBr,  cm'l):  3337  (dn-h),  1619 

(^=o). 

Preparation  of  rrfln.y-(PMe^^9PdrPhUNrPh^CrQ^NHPh1    (49) 

Phenyl  isocyanate  (22  |il,  0.20  mmol)  was  added  to  a  solution  of 
rran5-(PMe3)2Pd(Ph)(NHPh)  (  86  mg.  0.20  mmol)  in  10  ml  of 
pentane.     A  white  precipitate  formed  upon  stirring  for   12  hours. 
Isolation  of  the  white  solid  by  filtration  afforded  50  mg  of  49;  yield 
45.5%.    IR  (KBr,  cm'l):  3318  (vn-h),  1627  (\)c=o).    HRMS  (CI)  Calcd.  for 
C25H34N20P2Pd:  546.1180  (M+1).    Found:  546.1203  (M+1). 

Preparation  of  iS.N-Labelled    Compounds 

(a)  Following  the  same  procedure  for  43,  45,  and  47,  IS-^^N 
was   reacted   with   maleic   anhydride,   diphenyl   ketene,   and   t-butyl 
isocyanate  to   generate  43-15N,  45-15N,  and  47-15N    respectively. 

(b)  In  an  NMR  tube,  a  solution  of  IS-^^N  (20  mg,  0.05  mmol) 
in  0.5  ml  of  d8 -toluene  was  prepared  and  cooled  to  -78  °C.     To  this 
solution,  one  equivalent  of  diphenyl  ketene  was  added  (10  mg).     The 
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reaction  was  monitored  by  ^H  NMR  spectroscopy  at  20°  integrals 
between  the  temperature  range  of  -60  °C  to  20  °C. 

(c)  In  an  NMR  tube,  a  solution  of  IS-i^N  (17  mg,  0.04  mmol) 
in  0.5  ml  of  dg -toluene  was  prepared  and  cooled  to  -78  °C.     To  this 
solution,  one  equivalent  of  t-butyl  isocyanate  was  added  (4.5   |j.l). 
The  reaction  was  monitored  by  ^H  NMR  spectroscopy  at  20°  integrals 
between  the  temperature  range  of  -60  °C  to  20  °C. 

(d)  In  an  NMR  tube,  a  solution  of  IS-i^N  (25  mg,  0.06  mmol) 
in  0.5  ml  of  dg -toluene  was  prepared  and  cooled  to  -78  °C.     To  this 
solution,  one  equivalent  of  phenyl  isocyanate  was  added  (6  |il).    The 
reaction  was  monitored  by  ^H  NMR  spectroscopy  at  20°  integrals 
between  the  temperature  range  of  -60  °C  to  20  °C.     . 

Preparation  of //•fln.v-(PMe^^2P^rrMeQOC^C=C(COOMe^rNHPh')1fPh¥50^ 
To  a  solution  of  15  (103  mg,  0.24  mmol)  in  15  ml  of  pentane  at 
room    temperature    was    added    dimethylacetylene    dicarboxylate 
(DMAD)  (89  ^il,  0.72  mmol).    Upon  addition  of  DMAD,  an  off-white 
precipitate  had  formed.     The  solution  was  stirred  for  12  hours  at 
room  temperature.      Isolation   of  the  precipitate  afforded   the   insertion 
product  50  (55  mg);    yield  40.2%.    IR  (KBr,  cm-1):  1702,  1686  (\)c=o), 
1600  (\)c=c).   Anal.  Calcd.  for  C24H35N04P2Pd:  C,  50.58;  H,  6.15;  N, 
2.46.    Found:  C,  50.33;  H,  6.18;  N,  2.37. 

Preparation   of  trans- 
(PMe^^9Pdr(MeQOC)C=aCOOMeVNHPh)1(C^Hdam=NPhH51^ 

To  a  solution  of  10  (180  mg,  0.34  mmol)  in  15  ml  of  pentane  at 

room    temperature    was    added    dimethylacetylene    dicarboxylate 

(DMAD)  (125  ^1;  1.02  mmol).    Upon  the  addition  of  DMAD,  a  beige 
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precipitate  had  formed.     The  solution  was  stirred  for  12  hours  at 
room  temperature.      Isolation   of  the  precipitate   afforded   the  insertion 
product  51  (170  mg);    74.8%.    IR  (nujol,  crn-l):  1714,  1671  (\)c=o), 
1615  (\ic=c)-    Anal.  Calcd.  for  C3lH40N2O4P2Pd:  C,  55.47;  H,  5.96;  N, 
4.18.    Found:  C,  55.28;  H,  6.05;  N,  4.06. 

Preparation   of  50-l^N  and  51 --LIN 

(a)  With  a  procedure  identical  to  that  of  50,  a  solution  of  trans- 
(PMe3)2Pd(Ph)(i5NHPh)  in  pentane  was  reacted  with  DMAD.  ^H  NMR 
(CDC13):  55.96  ppm  (d,  Jn-h=85  Hz,  15n-H,  1H). 

(b)  With  a  procedure  identical  to  that  of  51,  a  solution  of  trans- 
(PMe3)2Pd(C6H4C(H)=NPh)(i5NHPh)  in  pentane  was  reacted  with 
DMAD.  1h  NMR  (CDCI3):  55.76  ppm  (d,  1Jn-h=84  Hz,  15n-H,  1H),  65.89 
ppm  (d,  1Jn-h=84  Hz,  15n-H,  1H). 

Magnetization   Transfer   Experiment   for   5  0 

All   magnetization   transfer   experiments    were   performed   on   the 
Varian  VXR-300   spectrometer.      To  perform  a  magnetization  transfer 
experiment,  obtain  a  ^H  NMR  spectrum  of  the  sample  at  a  selected 
temperature  in  experiment  one.      Move  all  the  parameters  of 
experiment  one  to  experiment  four  by  typing   the  command  MP(1,4). 
To  join  experiment  four,  type  JEXP4.     Once  in  experiment  four,  type 
the  conmiand  SEQFIL(SATDIF).     This  command  will  setup  the 
experiment   in   order   to   perform   the   magnetization   transfer 
experiment.     Place  a  cursor  on  the  signal  that  is  going  to  be 
irradiated,  and  type  the  command  SD  (set  decoupler).     A  value  for  DO 
(decoupler  offset)  will  appear  on  the  screen.     For  compound  50,  the 
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DO  value  for  the  imine  signal  at  8.63  ppm  was  1360.2.     The  command 
DG  will  list  the  parameters  of  experiment  4.     Replace  the  existing  DO 
value  with  the  value  that  was  obtained  above. 

In  order  to  irradiate  a  particular  signal,  the  value  of  DLP 
(decoupler  low  power)  has  to  be  adjusted.     By  trial  and  error,  try 
different  values  for  DLP.     The  lower  the  value  for  DLP,  the  greater 
the  decoupling  power.     After  setting  the  value  for  DLP,  run  a  quick 
experiment  (NT  =  4)  by  typing  GA,  and  see  if  the  selected  signal  is 
inverted.      Remember,   the   observed  spectrum  is   a  difference 
spectrum,  therefore  find  a  value  for  DLP  that  results  with  a  spectrum 
with  the  inverted  signal  only;  no  other  signals  should  be  present. 
The  DLP  was  20  for  compound  50  at  45  °C. 

Once  the  difference  spectrum  has  been   obtained,  the  delay 
intervals  must  be  established.     The  value  of  Dl  represents  the 
relaxation  period  between   experiments,   and   should   be   at  least  five 
times  the  value  of  Tl  of  the  particular  signal.     Although  Tl  values 
were  never  measured  for  50,  a  value  of  10  seconds  was  utilized  for 
Dl.     Once  the  signal  has  been  inverted  by  a  180°  pulse,  the  system  is 
allowed  to  equilibrate  over  a  certain  time  in  the  form  of 
magnetization   transfer  before   the  inverted   signal   is   irradiated  with   a 
second  pulse.     These  delay  times  (represented  as  t  in  Chapter  4)  are 
also  obtained  by  trial  and  error.     In  the  list  of  parameters,  change  the 
value  of  D2,   and  perform   the  magnetization   transfer  experiment  by 
typing  GAIN=Y  followed  by  GA.    Once  a  time  range  has  been 
established,  then  an  array  of  D2  values  can  be  incorporated  into  the 
list  of  parameters.     To  setup  an  array  experiment,  type  D2( !)=#,#,#, 
where  #  is  the  value  of  each  time  increment.     The  array  for 
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compound   50  was  D2(l)=0,0. 1,0.2  -2.0.    With  the  array  of  D2  values 
in  place,  the  magnetization  experiment  can  be  performed.      After  the 
experiment  is  complete,  the  command  DSSA  will  display  the  stacked 
spectra.     To  display  the  spectrum  at  a  particular  D2  value,  type  DS(#), 
where  #  is  the  number  of  the  experiment  (i.e.  at  D2=0,  #=1;     D2=0.1, 
#=2,  •••).    The  command  PL(ALL)  will  plot  the  stacked  spectra.    By 
typing  the  command  APH,  the  inverted  spectra  will  appear  as  the 
stacked  spectra  in  Figure  4.12.     In  order  to  use  eq.  4.13,  press  the 
command  key  Fl  to  obtain  the  integrals  from  each    spectrum. 

Preparation  of  trans-(PMe'\)7Pd(o-NU7-CmA) 

(C}^'xOicc=c(co'jcm)miPh)  (52) 

A  solution  of  /ran5-(PMe3)2Pd(o-NH2-C6H4)(NHPh)  (213  mg, 
0.48  mmol)  was  dissolved  in  10  ml  of  diethyl  ether.     To  this  solution 
was  added  DMAD  (  0.53  mmol,  0.47  ml  of  1.13  M  in  THF)  at  25  °C. 
Upon  addition  of  DMAD,  the  solution  color  from  yellow  to  orange,  and 
a  precipitate  formed.     The  solution  was  stirred  for  three  hours  at 
room  temperature.     The  solution  was  filtered  at  0  °C,  affording   121 
mg  of  the  insertion  product  52  as  a  light  brown  powder;     yield  43.0%. 
IR  (nujol,  cm-1):  3420,  3337  (vn-h),  1695,  1674  (\)c=o).    Anal.  Calcd. 
for  C24H36N204P2Pd:  C,  49.28;  H,  6.16;  N,  4.79.    Found:  C,  48.80;  H, 
6.15;  N,  4.66. 

Preparation  of  trans-(PMe'^^oPd(Cf.RACm^=NPh)(CCOoMe^  r54) 

A  solution  of  fra«^-(PMe3)2Pd(C6H4C(H)=NPh)(NHPh)  (100  mg, 
0.19  mmol)  was  dissolved  in  20  ml  of  pentane.     To  this  solution  was 
added  three  equivalents  of  methyl  propiolate  (50  |il,  0.57   mmol). 
The  solution  was  then  stirred  for   12  hours  at  room  temperature,  at 
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which  time  an  orange  precipitate  had  formed.     The  orange  precipitate 
was  isolated  by  filtration  and  washed  with  pentane  (10  ml), 
affording  40  mg  of  54;    yield  40.6%.    IR  (nujol,  cm-1):  2097  (vc=c). 

Thermolysis   of  50    to    Generate    n-anilino-1.2-Z-dimethvlcarboxvlate- 
2-phenylethylene     (55') 

A  solution  of  50  (65  mg,  0.11  mmol)  in  10  ml  of  toluene  was 

refluxed  for  12  hours.     Formation  of  a  black  solid  had  occurred. 

Solvent   was  removed   under  reduced   pressure,   and   the   remaining 

residue  was  extracted  with  warm  hexane  (2  x   15  ml).     Solvent  was 

removed    under   reduced    pressure,    affording    55  as  a  dark  brown  oil 

(23  mg);    yield  65.7%.    HRMS  (EI):    (Found)  311.11575;    (Calcd.) 

311.11545. 

Thermolvsis   of  51    to    Generate    (N-Dhenvl-l-anilino-3.4- 
dimethvlcarboxvlate-1 .2-dihvdroisoQuinoline'>     C56') 

A  solution  of  51  (70  mg,  0.10  mmol)  in  20  ml  of  toluene  was 

refluxed  for  12  hours.     Formation  of  a  black  solid  had  occurred. 

Solvent   was   removed   under  reduced   pressure,   and   the  remaining 

residue  was  extracted  wih  warm  hexane  (3  x   10  ml).     Solvent  was 

removed   by  reduced  pressure,   affording   56   as  a  yellow  powder  (33 

mg);    yield  76.4%.    HRMS  (CI):    (Found)  415.1660  (M+1);    (Calcd.) 

415.1657    (M+1). 

Preparation  of  TPdrPMel^lIirBFj-l  (57^  and  [Pd(PMe2)2.^THF)IirBF4,l 
(59) 

(a)    In  a  Schlenk  tube,  trans-Pd{PMc3)2l2  (166  mg;  0.324 

mmol)  and  AgBF4  (63  mg;  0.324  mmol)  were  dissolved  in  15  ml  of 

CH3CN  at  25  °C.    The  solution  was  allowed  to  stir  for  30  minutes  at 
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room  temperature,  at  which  time  a  precipitate  had  formed.     The 
yellow  solution   was  filtered,  and  solvent  was   removed  under 
reduced  pressure.     The  orange-yellow  solid  was  dissolved  in   15  ml  of 
CH2CI2  at  room  temperature.     To  this  solution,  PMe3  was  added 
(0.356  mmol;  0.32  ml  of  1.1  M  PMe3  in  toluene).     The  solution  color 
changed  from  orange-yellow  to  deep  red.     After  stirring  for  one  hour, 
solvent  was   removed   under  reduced   pressure,   affording   57  as  an 
orange  solid  (132  mg);    yield  74.2%.    1h  NMR  (CDCI3,  25°C):    5  1.70 
ppm  (s,  PMe3).  31p{lH}  NMR:    5  13.89  ppm  (s,  br). 

(b)     Compound  59  was  prepared  by  the  addition  of  one 
equivalent  of  AgBF4  to  a  solution  of  /A-(3/i5-Pd(PMe3)2l2  in  THF  at 
room  temperature.     After  stirring  for  30  minutes,   the  solution  was 
filtered,  and  the  solution  was  used  as  is  for  further  reaction 
chemistry. 

Preparation  of  MelP=NPh-H9NPh  (581 

(a)    A  solution  of  [Pd(PMe3)3l][BF4]  (1.13  g,  2.06  mmol)  was 
dissolved  in  20  ml  of  THF  and  cooled  to  -60  °C.    To  this  suspension 
was  added  KNHPh  (568  mg,  4.33  mmol)  as  a  solution  in  THF  (25  °C). 
After  all  the  amide  was  added,  the  solution  was  allowed  to  warm  to 
room  temperature,   at  which  time  the  solution  changed  from  deep 
orange-red  to  dark  orange-brown.     After  stirring  for   1.5   hours, 
solvent  was   removed   under  reduced  pressure.      The   brown  residue 
was  extracted  with  pentane  (2x30  ml),   and  the  brown  solution  was 
filtered.     Recrystallization  at  0  °C  afforded  brown  needles  of  58  (225 
mg);  yield  21.0%.     A  crystal  suitable  for  X-ray  diffraction  studies  was 
isolated  from  recrystallization  in  pentane  at  0  °C.     Due  to  the  extreme 
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air  and  moisture  sensitivity  of  58,  an  elemental  analysis  was  not 
undertaken. 

(b)  In  a  procedure  identical  to  that  as  above,  compound  58  can 
also  be  prepared  from  [Pd(PMe3)2(THF)I][BF4]  and  2.1  equivalents  of 
KNHPh  in  THF. 

Preparation  of  Me^P=l^NPh-H9l^NPh 

In  a  procedure  identical  to  that  of  method  (a), 
Me3P=i5NPh.H2^5NPh  was  prepared  from  the  addition  of  K^^NHPh 
and  [Pd(PMe3)3l][BF4]  in  THF.  ^H  NMR  (C6D6):  5  3.06  ppm 
(d,  Jn-h=79  Hz,  15nH2,  2H);  31p  NMR  (C6D6):  5  3.58  ppm 
(1Jn-p=36  Hz). 

Preparation  of  58  in  the  Presence  of  PEtj^ 

A  solution  of  of  59  (0.867  mmol)  was  cooled  to  -198  °C  under 
reduced  pressure.     After  30  minutes  at  -198  °C,  the  solution  was 
transferred  to  a  C02/acetone  bath  (-80  °C).     To  this  solution  was 
added  KNHPh  (239  mg;  1.821  mmol)  and  PEt3  (4.335  mmol;  10.3  ml 
of  0.42  M  PEt3  in  toluene)  in  cold  (-80  °C)  THF.    The  solution  was 
slowly  warmed  to  room  temperature,  at  which  time  a  fine  precipitate 
had  formed.     After  stirring  for  one  hour,  solvent  was  removed  under 
reduced  pressure.     The  remaining  residue  was  extracted  with  20  ml 
of  pentane  at  room  temperature.     The  extract  was  filtered, 
concentrated  to  ca.  10  ml,  and  cooled  to  0  °C.    Yellow  crystals  of  58 
were  isolated  based  on  ^H  NMR  spectroscopy.    The  1h  NMR  spectrum 
of  the  remaining  residue   after  the   pentane  extraction   also  revealed  ; 
the  presence  of  58. 
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Preparation  of  Cv^P=NPh  r61) 

A  solution  of  rra/i5-Pd(PCy3)2l2  (703  mg,  0.76  mmol)  and 
AgBF4  (149  mg,  0.76  mmol)  were  placed  in  a  Schlenk  tube  and 
dissolved  in  20  ml  of  cold  THF  (25  °C).    The  solution  was  allowed  to 
stir  for  one  hour  at  room  temperature.     The  deep  orange  solution  was 
filtered  and  cooled  to  -60  °C.     To  this  solution  was  added  KNHPh  (220 
mg,  1.69  mmol)  as  a  solution  in  THF.     Once  all  the  amide  was  added, 
the  solution  was  warmed  to  room  temperature  and   stirred  for  one 
hour.     The  solution  color  changed  from  deep  orange-red  to  brown- 
yellow.      Solvent  was  removed  under  reduced  pressure,   and  the 
remaining  brown  oil  was  extracted  with  diethyl  ether  (2x20  ml).     The 
deep  brown  solution  was  filtered  and  concentrated  to  ca.   10  ml. 
Recrystallization  at  0  °C  afforded  61  as  an  orange  powder  (147  mg); 
yield  25.9%.    HRMS  (EI)  Calc.  for  C24H38NP:  371.27438.    Found: 
371.27458. 

Preparation   of  Me^P=NAr   (Ar=2.6-diisopropyl    phenyH    (62) 

A  solution  of  [Pd(PMe3)2(THF)I][BF4]  in  THF  was  cooled  to  -60 
°C.    To  this  solution  was  added  KNH-2,6-iPr-C6H3  (650  mg,  3.02 
mmol)  in  THF  at  -60  °C..     After  addition  of  the  amide,  the  solution 
was  allowed  to  warm  to  room  temperature,  at  which  time  the 
solution  color  was  deep  red-brown  with  a  fine  suspended  solid.     The 
solution  was   stirred  for  one  hour,   then  solvent  was  removed  under 
reduced  pressure.     The  remaining   brown  oil  was   extracted   with 
diethyl  ether  (2x25  ml)  and  concentrated  to  ca.  20  ml. 
Recrystallization  at  0  °C  afforded  62  as  a  dark  red  crystals  (64  mg); 
yield  5.4%. 
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Preparation  of  fMe3^P^9P^=^^^Pl  <^^^^ 

A  Schlenk  tube  charged  with  KH  (66  mg;  1.64  mmol)  and 
H2NC6F5  (300  mg;  1.64  mmol)  was  cooled  to  0  °C,  and  the  solids 
were  dissolved  in  20  ml  of  THF.     As  the  solution  was  warmed  to  room 
temperature,   the   solution   became   homogeneous   and   dark   yellow. 
After  stirring  for  30  minutes,  the  solution  was  cooled  to  0  °C.     A 
solution  of  rra/i5-Pd(PMe3)2l2  (400  mg;  0.781  mmol)  in  THF  (25  °C) 
was  slowly  added  to  the  solution  of  amide  reagent.     The  solution 
color  changed  to  yellow-orange,  with  the  formation  of  a  fine 
precipitate.     After  stirring  for  30  minutes  at  0  °C,  solvent  was 
removed   under  reduced   pressure.      The   yellow-brown   residue   was 
extracted  with  diethyl  ether  (20  ml;  25  °C).     The  orange  extract  was 
concentrated  to  ca.  15  ml  and  cooled  to  0  °C.     After  several  days, 
yellow  crystals  of  63  had  formed.    19f{1h}  NMR  (C6D6;  25  °C):  5 
-167.72  (d,  J  =  18.2),  5  -185.00  (t,  J  =  6.5),  5  -186.24  (t,  J  =  19).    HRMS 
(FAB)  (Calc):  439.9913  (M+1).    (Found):  439.9946  (M+1). 

Preparation  of  (Me3^P^9Pd=N-3.5-(CF2^)2-<^^Hl  (65) 

In  a  Schlenk  tube,  KH  (82  mg;  2.05  mmol)  was  dissolved  in  20 
ml  of  THF  and  cooled  to  0  °C.    To  this  solution  was  added  3,5- 
bis(trifluoromethyl)aniline  (2.05  mmol;  2.82  ml  of  0.725  M  in  THF). 
As  the  solution  was  warmed  to  room  temperature,   the  solution 
became  homogeneous  and  changed  to  bright  yellow.     The  solution 
was  stirred  at  room  temperature  until  gas  evolution  was  no  longer 
observed.    The  solution  was  then  cooled  to  0  °C.     To  this  solution  was 
added  trans-Pd(PMG2)2l2  as  a  solution  in  THF  (500  mg;  0.976  mmol; 
25  °C).    Upon  addition  of  trans-Pd(PMQ3)2l2,  the  solution  was 
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warmed  to  0  °C,  at  which  time  the  solution  color  changed  to  yellow- 
brown.     The  formation  of  a  fine  precipitate  was  also  observed. 

After  stirring  for  30  minutes  at  0  °C,  solvent  was  removed 
under  reduced  pressure.     The  yellow  residue  was  extracted  with  20 
ml  of  diethyl  ether  at  room  temperature.     The  yellow-brown  extract 
was  filtered,  concentrated  to  ca.l5  ml,  and  and  cooled  to  0  °C.     After 
several  days,  yellow  crystals  had  formed  (224  mg);  yield  47%. 
19f{1h}  NMR  (C6D6,  25  °C):  5-62.98  (s).    High  resolution  mass 
spectroscopy  (FAB)  of  65  revealed  a  molecular  ion  peak  consistent 
with  the  phosphinimine  66    (304.0743;   M+1). 

Thermolysis   Studies   of  63  and  6  5 

(a)  In  an  NMR  tube  fitted  with  a  Youngs  teflon  valve,  a 
solution  of  63  (15  mg)  in  0.5  ml  of  C6D6  was  prepared.     After  18 
hours  at  60  °C,  63  was  completely  converted  to  to  64   and  Pd(PMe3)4 
based  on  1h  and  31p  NMR  spectroscopy.    HRMS  (FAB)  for  64  (Calc): 
258.046303300  (M+1).     (Found):     258.047103300  (M+1). 

(b)  In  an  NMR  tube  fitted  with  a  Youngs  teflon  valve,  a 
solution  of  65  (15  mg)  in  0.5  ml  of  C6D6  was  prepared.     After  21 
hours  at  70  °C,  65   was  completely  converted  to  66  based  on  1h  and 
31?  NMR  spectroscopy.    19f{1h}  NMR  (C6D6,  25  °C):    5  -62.72  (s,  66); 
5  -62.98  [s,  H2N-3,5-(CF3)2-C6H3] 

Addition   of  PMej^  to  6  3 

A  solution  of  63  (15  mg)  was  dissolved  in  0.5  ml  of  C6D6  in  an 
NMR  tube  fitted  with  a  Youngs  teflon  valve.  In  the  drybox,  PMe3  (2 
eq)  as  a  solution  in  C6D6  was  added  to  this  solution,  and  the 
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reaection  was  monitored  by  NMR  spectroscopy.     After  four  days  at 
room    temperature,    63    was   converted   quantitatively   to   65   based  on 
1h  and  31p  NMR  spectroscopy. 

Addition  of  Water  to  63  and  6  5 

A  typical  experiment  involved  dissolving   15-20  mg  of  63  and 
65  in  0.5  ml  of  C6D6  in  the  dry  box.    The  NMR  tube  was  sealed  with  a 
suba  seal  and  teflon  tape.     To  each  solution  was  added  one  equivalent 
of  deoxygenated  water  by   syringe  followed   by   vigorous   shaking. 
After  24  hours  at  room  temperature,   63  and  65    was    converted 
quantitatively   to   0=PMe3  and  the  corresponding  aniline  based  on  ^H 
and  31p  NMR   spectroscopy. 

Addition  of  HCl  to  65 

In  a  Schlenk  tube,  65   (40  mg;  0.08  mmol)  was  dissolved  in  10 
ml  of  diethyl  ether.     To  this  solution,  HCl  was  added  at  room 
temperature  (0.25  mmol;  0.25  ml  of  IM  HCl  in  Et20).    The  solution 
immediately  changed  from  bright  yellow  to  pale  yellow.     After 
stirring  for   30  minutes   at  room   temperature,   solvent  was  removed 
under  reduced  pressure.     The  ^H  NMR  spectrum  of  the  resulting  off- 
white  solid  in  C6D6  revealed  quantitative  conversion  of  65  to  trans- 
Pd(PMe3)2Cl2. 

X-ray    Structure    Determination 

rC^HdC(H^=NPri)Pd(PMe^)^UBFd1  (41    Data  were  collected  at 
room   temperature    on   a   Siemens    R3m/e   diffractometer   equipped 
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with  a  graphite  monochromator  utilizing  MoKa  radiation  (k  =  0.71069 
A).  25  reflections  with  20.00°  <  29  <  22.00°  were  used  to  refine  the 
cell  parameters.  5940  reflections  were  collected  using  the  w-scan 
method.  Four  reflections  (313;  222;  313,  132)  were  measured  every 
96  reflections  to  monitor  instrument  and  crystal  stability  (maximum 
correction    on    X,    was    <    1.01%).       Absorption    corrections    were    not 

applied  due  to  the  crystal  size  and  the  small  value  of  the  absorption 
coefficient  (  p.  =  8.60  cm"^). 

The  structure  was  solved  by  direct  methods  in  SHELXTL  63b 
from  which  the  locations  of  both  Pd  atoms  were  obtained.     The  rest 
of  the  non-hydrogen   atoms   were   obtained   from   a   subsequent 
difference  Fourier  map.     The  structure  was  refined  in  SHELXTL  using 
cascade-matrix  least  squares.     The  two  BF^  anions  were  found  to  be 
disordered  and  could  not  be  refined  freely.     Two  partial  BF4  units 
were  refined  as  a  rigid  group  for  each  of  the  anions  in  the 
asymmetric   unit.      The  non-H  atoms   were  treated  anisotropically, 
whereas   the   hydrogen  atom  positions   were  calculated  in  ideal 
positions   and   their  isotropic   thermal  parameters   were  fixed.      553 
parameters  were  refined  and  L  co  ( I  Fo  I  -  I  Fc  I  )^   was  minimized; 
co=l/(0  I  Fo  I  )2,  a(  Fo)  =  0.5  kl  -^^^[[a(  I  )]2  +  (0.021)2  )  1/2  , 
I(intensity)=   (   I  peak  -  Ibackground    )(scan  rate  ),  and  s(I)  =  (  I  peak  +  I 
background)^^^  (scan  rate),  k  is  the  correction  due  to  decay  and  Lp 
effects,  0.02  is  a  factor  used  to  down  weight  intense  reflections  and 
to  account  for  instrument  instability.      The  linear  absorption 
coefficient  was  calculated  from  values  from  the  International    Tables 
for  X-ray    Crystallography  64.   Scattering   factors  for  non-hydrogen 
atoms  were  taken  from  Cromer  &  Mann^^    with   anomalous- 
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dispersion  corrections  from  Cromer  &  Liberman66,  while  those  of 
hydrogen  atoms  were  from  Stewart,  Davidson  &  Simpson"'. 

frgn5-(PMei)9PdrPh¥NHPh^  (15\  Data  were  collected  at  room 
temperature  on  a  Siemens  R3m/V  diffractometer  equipped  with  a 
graphite  monochromator  utilizing  MoKa  radiation  (1  =  0.71069  A).  50 
reflections  with  15.0°  ^  29  <  22.0°  were  used  to  refine  the  cell 
parameters.  2865  reflections  were  collected  using  the  co-scan  method. 
Four  reflections  (214,  111,  102,  121)  were  measured  every  96 
reflections  to  monitor  instrument  and  crystal  stability  (maximum 
correction  on  I  was  <  0.89  %).  Absorption  corrections  were  applied 
based  on  measured  crystal  faces  using  SHELXTL  plus  63;  absorption 
coefficient,  \x.  -  10.78  cm-l(min.  and  max.  transmission  factors  are 
0.845   and   0.933,   respectively). 

The  structure  was  solved  by  the  heavy-atom  method  in 
SHELXTL  plus  63a  from  which  the  location  of  the  Pd  atom  was 
obtained.  The  rest  of  the  non-hydrogen  atoms  were  obtained  from  a 
subsequent  difference  Fourier  map.  The  structure  was  refined  in 
SHELXTL  plus  using  full-matrix  least  squares.  The  non-H  atoms 
were  treated  anisotropically,  whereas  the  positions  of  the  hydrogen 
atoms  were  calculated  in  ideal  positions  and  their  isotropic  thermal 
parameters  were  fixed.  199  parameters  were  refined  and  Zco  (|Fo|  - 
1FcI)2  was  minimized;  co=l/(a  I  Fo  I  )2,  a(Fo)  =  0.5  kl -^/2^^,(  j  )j2  + 
(0.021)2  }  1/2  ,  I(intensity)=  (  I  peak  -  Ibackground  )(scan  rate  ),  and 
a(I)  =  (  I  peak  +  I  background) ^^2  (scan  rate),  k  is  the  correction  due  to 
decay  and  Lp  effects,  0.02  is  a  factor  used  to  down  weight  intense 
reflections    and    to    account    for    instrument    instability.       The    linear 
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absorption  coefficient  was  calculated  from  values  from  the 
International  Tables  for  X-ray  Crystallography  64.  Scattering  factors 
for  non-hydrogen  atoms  were  taken  from  Cromer  &  Mann^S  with 
anomalous-dispersion  corrections  from  Cromer  &  Libermanoo^  while 
those  of  hydrogen  atoms  were  from  Stewart,  Davidson  &  Simpson^/. 

r(PMei')Pd(PhVu-NHPh)l2_(32).  Data  were  collected  at  room 
temperature  on  a  Siemens  R3m/V  diffractometer  equipped  with  a 
graphite  monochromator  utilizing  MoKa  radiation  (X  =  0.71069  A).  50 
reflections  with  18.0°  <  29  <  22.0°  were  used  to  refine  the  cell 
parameters.  4544  reflections  were  collected  using  the  w-scan 
method.  Four  reflections  (120,  002,  131,  113)  were  measured  every 
96  reflections  to  monitor  instrument  and  crystal  stability  (maximum 
correction  on  I  was  <  0.97  %).  Absorption  corrections  were  applied 
based  on  measured  crystal  faces  using  SHELXTL  plus  63a;  absorption 
coefficient,  n  =  12.7  cm-l(min.  and  max.  transmission  factors  are 
0.848   and   0.911,   respectively). 

The   structure  was   solved  by   the  heavy-atom  method   in 
SHELXTL  plus    from  which  the  location  of  both  Pd  atoms  were 
obtained.  The  rest  of  the  non-hydrogen  atoms  were  obtained  from  a 
subsequent  difference  Fourier  map.      The  structure  consists   of  two 
independent  dimers  located  at  two  centers  of  inversion  (0,0.5,0  & 
0,0,0.5;  two  independent  half  dimers  in  the  asymmetric  unit).     It  was 
refined  in  SHELXTL   plus     using  full-matrix  least  squares.     The  non-H 
atoms   were   treated   anisotropically,   whereas   the   positions   of  the 
hydrogen  atoms  were  calculated  in  ideal  positions   and  their  isotropic 
thermal  parameters  were   fixed.      477   parameters   were  refined   and  L 
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0)  ( I  Fo  I  -  I  Fc  I  )2  was  minimized;  co=l/(o  I  Fo  I  )2,  a(  Fo)  =  0.5  kl  '^/^{[a(  I  )]2  + 
(0.021)2  )  1/2  ^  i(intensity)=  (  I  peak  -  Ibackground   )(scan  rate  ),  and 
a(I)  =  (  I  peak  +  I  background)  ^^^  (scan  rate),  k  is  the  correction  due 
to  decay  and  Lp  effects,  0.02  is  a  factor  used  to  down  weight  intense 
reflections  and  to  account  for  instrument  instability.      The  linear 
absorption  coefficient  was  calculated  from  values   from   the 
International  Tables  for  X-ray   Crystallography  64.     Scattering  factors 
for  non-hydrogen  atoms  were  taken  from  Cromer  &  Manno5  with 
anomalous-dispersion   corrections   from   Cromer   &   Liberman^o,  while 
those  of  hydrogen  atoms  were  from  Stewart,  Davidson  &  Simpson^^. 

r(PMe3^)Pd('C^H4.C(H)=NPh)(u-NHPh)l2_('33)  Data  were  collected 
at  room  temperature  on  a  Siemens  R3m/V  diffractometer  equipped 
with  a  graphite  monochromator  utilizing  MoKa  radiation  {X  =  0.71069 
A).  25  reflections  with  20.0°  <  20  <  22.0°  were  used  to  refine  the  cell 
parameters.  8139  reflections  were  collected  using  the  co-scan  method. 
Four  reflections  (041,  021,  102,  121)  were  measured  every  96 
reflections  to  monitor  instrument  and  crystal  stability  (maximum 
correction  on  I  was  <  1.05  %).  Absorption  corrections  were  not 
applied  due  to  the  small  size  of  the  crystal  and  absorption  coefficient, 
\i  =  9.66  cm-1. 

The   structure  was   solved  by   the   heavy-atom  method   in 
SHELXTL  63b  from  which  the  locations  of  both  Pd  atoms  were 
obtained.  The  rest  of  the  non-hydrogen  atoms  were   obtained  from  a 
subsequent  Difference  Fourier  map.      The  structure  was  refined  in 
SHELXTL   plus  63a  using  full-matrix  least  squares.     The  non-H  atoms 
were  treated  anisotropically.     All  H-atoms,  except  the  methyl  and 
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H12,  H12',  H18,  H18*,  were  refined  free  of  constraints.     The  methyl  H 
atoms  and  HI 2,  HI 8  and  HI 8'  were  calculated  in  ideal  positions  and 
their  isotropic  thermal  parameters  were  fixed.     Atoms  H12'  and  H16 
were  freely  refined  but  their  thermal  parameters   were   fixed.      576 
parameters  were  refined  and  Z  co  ( I Fo|  -  I Fc I )2  was   minimized; 
0)=l/(a  I  Fo  I  )2,  a(  Fo)  =  0.5  kl  '^^^l [a(  I  )]2  +  (0.021)2  }  1/2  ^  I(intensity)=  (  I 
peak  -  Ibackground   )(scan  rate  ),  and  a(I)  =  (  I  peak  +  I  background) ^^^ 
(scan  rate),  k  is  the  correction  due  to  decay  and  Lp  effects,  0.02  is  a 
factor  used  to  down  weight  intense  reflections  and  to  account  for 
instrument  instability.      The  linear  absorption   coefficient  was 
calculated  from  values  from  the  International   Tables  for  X-ray 
Crystallography  64.   Scattering  factors  for  non-hydrogen  atoms  were 
taken  from  Cromer  &  Mann65    with    anomalous-dispersion   corrections 
from  Cromer  &   Liberman66^  while  those  of  hydrogen  atoms  were 
from  Stewart,  Davidson  &  Simpson67. 

r(PMe^)Pd(CH^')(H-CH7PMe7')l2_r40).  Data  were  collected  at 
room  temperature  on  a  Siemens  R3m/V  diffractometer  equipped 
with  a  graphite  monochromator  utilizing  MoKa  radiation  (X  =  0.71069 
A).  50  reflections  with  20.0°  <  29  <  22.0°  were  used  to  refine  the  cell 
parameters.  2165  reflections  were  collected  using  the  w-scan 
method  (1.2*  scan  range  and  3-6°  scan  speed  depending  on  intensity). 
Four  reflections  (013,  123,  113,  211)  were  measured  every  96 
reflections  to  monitor  instrument  and  crystal  stability  (maximum 
correction  on  I  was  <  1  %).  Absorption  corrections  were  not  applied 
based  because  of  the  crystal  shape  and  small  size. 
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The  structure  was  solved  by  heavy-atom  method  in  SHELXTL 
plus  63a  from  which  the  locations  of  the  Pd  atom  was  obtained.  All 
of  the  non-H  atoms  were  located  from  a  Difference  Fourier  map.  The 
structure  was  refined  in  SHELXTL  plus  using  full-matrix  least 
squares.  The  non-H  atoms  were  treated  anisotropically.  All  of  the  H- 
atoms  were  calculated  in  idealized  posiotns  and  their  isotropic 
thermal  parameters  fixed  at  0.08.  91  parameters  were  refined  and  Z 
to  (IFol  -  |Fcl)2  was  minimized;  w=l/(o|Fol)2,  a(  Fo)  =  0.5  kl-'^^^[[c(  I 
)]2  +  (0.021)2  }  1/2  ^  I(intensity)=  (  I  peak  -  Ibackground  )(scan  rate  ), 
and  a(I)  =  (  I  peak  +  I  background) ^^^  (scan  rate),  k  is  the  correction 
due  to  decay  and  Lp  effects,  0.02  is  a  factor  used  to  down  weight 
intense  reflections  and  to  account  for  instrument  instability.  The 
linear  absorption  coefficient  was  calculated  from  values  from  the 
International  Tables  for  X-ray  Crystallography  ^^.  Scattering  factors 
for  non-hydrogen  atoms  were  taken  from  Cromer  &  Mann65  with 
anomalous-dispersion  corrections  from  Cromer  &  Liberman66^  while 
those  of  hydrogen  atoms  were  from  Stewart,  Davidson  &  Simpson67. 

frfln.y-(PMe^)2Pdr(MeOOC^C=C(COOMeVNHPh)1(Ph)  rSOV  Data 
were  collected  at  room  temperature  on  a  Siemens  R3m/V 
diffractometer  equipped  with  a  graphite  monochromator  utilizing 
MoKa  radiation  (X  =  0.71069  A).  32  reflections  with  20.0°  <  29  <  22.0° 
were  used  to  refine  the  cell  parameters.  3989  reflections  were 
collected  using  the  co-scan  method.  Four  reflections  (231,  020,  123,  1 
)00)  were  measured  every  96  reflections  to  monitor  instrument  and 
crystal  stability  (maximum  correction  on  I  was  <  1.03  %).  Absorption 
corrections    were    applied    based    on    measured    crystal    faces    using 
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SHELXTL    plus^^^;   absorption  coefficient,   p.  =  8.20  cm-1.     Minimum 
and   maximum   transmissions   are  0.919   and   0.941,   respectively. 

The   structure   was  solved  by   the   heavy-atom  method  in 
SHELXTL   plus  63a  from  which  the  location  of  the  Pd  atom  was 
obtained.      The  rest  of  the  non-hydrogen  atoms  were  obtained  from  a 
subsequent  Difference  Fourier  map.      The   structure  was  refined  in 
SHELXTL   plus     using  full-matrix  least  squares.     The  non-H  atoms  and 
treated  anisotropically.     The  hydrogen  atoms   were  obtained  from  a 
Difference  Fourier  map  and  were  refined  with   isotropic  thermal 
parameters  except  the  methyl  hydrogen  atoms  of  CI 9,  C21   and  C23 
which  were  calculated  in  ideal  positions  and  their  isotropic  thermal 
parameters  were  fixed.     405  parameters  were  refined  and  Z  co  (I  Fo  I  - 
I Fc  I  )2  was  minimized;  a)=l/(a | Fo  |  )2,  a(  Fo)  =  0.5  kl  '^^■^{[a(  I  )]2  +  (0.021)2  }  1/2 , 
I(intensity)=  (  I  peak  -  Ibackground   )(scan  rate  ),  and  a(I)  =  (  I  peak  +  I 
background) ^^^  (scan  rate),  k  is  the  correction  due  to  decay  and  Lp 
effects,  0.02  is  a  factor  used  to  down  weight  intense  reflections  and 
to  account  for  instrument  instability.      The  linear  absorption 
coefficient  was  calculated  from  values  from  the  International    Tables 
for  X-ray   Crystallography  64.     Scattering  factors  for  non-hydrogen 
atoms  were  taken  from  Cromer  &  Mann^S    with   anomalous- 
dispersion   corrections  from  Cromer  &   Liberman66^  while  those  of 
hydrogen  atoms  were  from  Stewart,   Davidson  &  Simpson^?. 

Me3_P  =  NPh^H2,NPh  (5  8).  Data  were  collected  at  room 
temperature  on  a  Siemens  R3m/V  diffractometer  equipped  with  a 
graphite  monochromator  utilizing  MoKa  radiation  (X  =  0.71073  A).  50 
reflections     with     20. 0''  <  26  <  22.0°  were    used    to    refine    the    cell 
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parameters.  3854  reflections  were  collected  using  the  co-scan  method. 
Four  reflections  were  measured  every  96  reflections  to  monitor 
instrument  and  crystal  stability.  Absorption  corrections  were 
applied  based  on  measured  crystal  faces  using  SHELXTL  plus^^^; 
absorption  coefficient,  p.  =  8.0.16  mm.  Minimum  and  maximum 
transmissions    are   0.950   and   0.970,   respectively. 

The   structure  was   solved  by   the   heavy-atom  method  in 
SHELXTL  plus  63a  from  which  the  location  of  the  Pd  atom  was 
obtained.     The  rest  of  the  non-hydrogen  atoms  were  obtained  from  a 
subsequent  Difference  Fourier  map.     The  structure  was  refined  in 
SHELXTL   plus     using  full-matrix  least  squares.     The  non-H  atoms  and 
treated  anisotropically.      The  hydrogen  atoms   were   obtained  from  a 
Difference  Fourier  map  and   were  refined  with  isotropic  thermal 
parameters.     238  parameters  were  refined  andZco(|Fo|  -    I  Fc  I  )2  was 
minimized;  o)=l/(a  I  Fo  I  )2,  a(  Fo)  =  0.5  kl  '^^^l [a(  I  )]2  +  (0.021)2  }  1/2  ^ 
I(intensity)=  (   I  peak  -  Ibackground   )(scan  rate  ),  and  a(I)  =  (  I  peak  +  I 
background) ^^2  (scan  rate),  k  is  the  correction  due  to  decay  and  Lp 
effects,  0.02  is  a  factor  used  to  down  weight  intense  reflections  and 
to  account  for  instrument   instability. 
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Table  2.1.    ^H  NMR  Data^ 

compound 

Lccm 

mult. 

J.  Hz 

integ 

assignt 

[(PMe3)3Pd(C6H4C(H)=NfPri)][BF4]  (4)C 

1.03 
1.17 

t 
d 

6.0 

7.5 

18 
9 

trans-PMe3 
cis-PMe3 

1.54 

d 

9.0 

6 

-CHCH3 

3.54 

m 

1 

-CHCH3 

7.08 

m 

2 

aromatic 

7.27 

d 

7.5 

1 

7.39 

t 

6.0 

1 

8.27 

s 

1 

-C(H)=N 

[(PMe3)3Pd(C6H4C(H)=NPh)][BF4]  (5)^ 

1.08 
1.48 

t 
d 

4.8 
8.0 

18 
9 

trans-PMe3 
cis-PMe3 

6.96 

d 

75 

2 

aromatic 

7.15 

m 

3 

7.43 

t 

6.0 

2 

7.55 

d 

6.0 

1 

7.63 

t 

4.0 

1 

8.36 

s 

1 

franj-(PMe3)2Pd(C6H4C(H)=NPr')(NHPh)  (9)^ 

0.71 
1.36 

s 
d 

7.0 

18 
6 

trans-PMe3 
-CHCH3 

1.61 

s 

1 

-N-H 

3.62 

m 

1 

-CHCH3 

6.54 

t 

6.0 

1 

aromatic 

6.96 

d 

12.0 

2 

7.02 

m 

2 

7.29 

t 

9.0 

1 

8.99 

s 

1 

-C(H)=N 

fran5-(PMe3)2Pd(C6H4C(H)=NPh)(NHPh)  (10)^ 

0.68 
1.53 

s 

s 

18 

1 

trans-PMe3 
-N-H 

6.55 

t 

7.0 

1 

aromatic 

6.84 

d 

18.0 

2 

7.04 

m 

4 

7.27 

t 

8.0 

2 

7.34 

t 

7.0 

2 

7.53 

d 

7.0 

2 

8.25 

d 

9.0 

1 

9.30 

s 

1 

-C(H)=N 

(ranj-(PMe3)2Pd(Ph)(NHPh)   (15)^ 

0.74 
1.66 

t 
s 

3.0 

18 

1 

trans-PMe3 
-N-H 

6.53 

t 

7.0 

1 

aromatic 

6.80 

d 

8.0 

2 

6.97 

t 

7.0 

1 

7.10 

t 

7.4 

2 

7.28 

t 

7.3 

2 

7.37 

d 

7.4 

2 
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Table  2.1.    Com. 

compound 

rra/w-(PMe3)2Pd(p-OCH3-C6H4)(NHPh)  (18)'' 


S.ppm    mult.     J. Hz       integ 


rra/u-(PMe3)2Pd(o-NH2-C6H4)(NHPh)  (19)*' 


/ranj-(PMe3)2Pd[CH=C(H)C6H5](NHPh)  (21)^ 


tra/iJ-(PMe3)2Pd(CH3)(NHPh)  (23)^ 


franj-(PMe3)2Pd(Ph)[N(Me)Ph]   (26)'' 


rrani-(PMe3)2Pd(Ph)(NPh2)  (27)'' 


0.77 

1.68 
3.45 
6.53 
6.84 
7.28 

0.80 

1.64 
3.52 
6.40 
6.52 
6.77 
6.98 
7.19 
7.26 

0.87 

1.62 
6.51 
6.64 
6.77 
7.04 
7.25 
7.37 
7.52 

0.05 
0.91 
1.68 
6.50 
6.74 
7.28 

0.67 

2.92 
6.57 
6.94 
7.07 
7.24 
7.32 
7.37 
7.45 

0.61 

6.73 
6.93 
7.03 
7.29 
7.71 


s 

s 

t 

m 

m 


s 

s 

d 

t 

d 

t 

d 

t 

s 

s 

t 

d 

d 

t 

m 

d 

dt 

s 

s 

s 

t 

d 

t 


s 
t 
t 
t 
d 
d 
t 
t 


t 

t 

t 

m 

d 


3.3 


7.7 


33 


7.0 
7.0 
7.4 
7.4 
7.4 
7.7 


7.0 

16.9 

83 

7.0 

8.1 

17.3 


7.0 

8.1 
3.7 

3.3 

6.3 

7.4 
7.4 
8.8 
7.7 
7.8 
7.7 

3.3 
7.4 
7.3 
7.4 

8.5 


18 

1 
3 
1 
4 
4 


18 

1 
1 
1 
2 
1 
4 
2 
1 

3 

18 

1 

1 

2 
2 

18 

3 
2 
1 
2 
1 
2 
1 
1 

18 

2 
1 
2 
6 
4 


assignt 

trans-PMe3 

-N-H 
Ph-pOCH3 
aromatic 


aromatic 


18     trans-PMe3 

1  -N-H 

2  -NH2 
1 
1 
3 
1 
1 
2 


trans-PMe3 

-N-H 
aromatic 
-C=C(H) 
aromatic 


Pd-CCH)=C 

Pd-CH3 
trans-PMe3 
-N-H 
aromatic 


trans-PMe3 

NMe 
aromatic 


trans-PMe3 
aromatic 
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Table  2.1.    Cont. 

compound 

rranj-(PMe3)2Pd(Ph) 

(NH-2,6-ipr2-C6H3)  (28)*' 


fra«j-(PMe3)2Pd(Ph)(NHPh-p-CH3)  (29)^ 


rranj-(PMe3)2Pd(C6H4C(H)=NfPh) 
(NHPh-p-CH3)  (30)b 


fra/ij-(PMe3)2Pd 

(C6H4C(H)=NPh)(NC4H4)  (31)'' 


[(PMe3)Pd(Ph)(H-NHPh)]2  (32)*' 


[(PMe3)Pd(CH3)(n-NHPh)]2  (34)^ 


N-isopropyl-2-aiiilino    benzaldimine    (35)*' 


S.ppm    mult.     J.  Hz       integ  assignt 


0.71 

t 

3.0 

18 

trans-PMe3 

1.44 

d 

6.6 

12 

-CHCH3 

1.83 

s 

1 

-N-H 

4.08 

m 

2 

-CHCH3 

6.74 

t 

6.6 

1 

aromatic 

6.96 

t 

7.3 

1 

7.07 

t 

7.0 

2 

7.18 

d 

8.1 

2 

7.39 

d 

7.3 

2 

0.76 

t 

4.0 

18 

trans-PMe3 

1.51 

s 

1 

-N-H 

2.38 

s 

3 

Ph-pCH3 

6.76 

d 

9.8 

2 

aromatic 

6.97 

t 

6.6 

1 

7.10 

m 

4 

7.39 

d 

7.0 

2 

0.69 

s 

18 

trans-PMe3 

1.38 

s 

1 

-N-H 

2.36 

s 

3 

Ph-pCH3 

6.78 

d 

9.2 

2 

aromatic 

7.05 

m 

3 

7.34 

t 

8.8 

2 

7.52 

d 

7.4 

3 

8.27 

d 

7.7 

1 

9.33 

s 

1 

-C(H)=N 

0.58 

s 

18 

trans-PMe3 

7.01 

m 

7 

aromatic 

7.28 

t 

7.4 

2 

7.41 

d 

8.4 

2 

7.61 

d 

6.6 

2 

7.76 

d 

6.2 

2 

8.85 

s 

1 

-C(H)=N 

0.32 

d 

9.5 

18 

PMe3 

1.28 

d 

5.1 

2 

-N-H 

6.71 

t 

7.6 

2 

aromatic 

7.07 

m 

18 

0.10 

d 

4.4 

6 

Pd-CH3 

0.51 

d 

9.2 

18 

PMe3 

1.45 

d 

5.0 

2 

-N-H 

6.67 

t 

6.2 

2 

aromatic 

7.10 

t 

8.1 

4 

7.30 

d 

8.1 

4 

1.10 

d 

6.2 

6 

-CHCH3 

3.10 

m 

2 

-CHCH3 

6.68 

t 

8.4 

2 

aromatic 

6.87 

t 

7.0 

2 

7.05 

m 

4 
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Table  2.1.    Cont. 


compound 


fra/w-(PMe3)Pd(C6H4CH=NPr')I(37)b 


cw-(PMe3)2Pd(CH3)(NHPh)  (38)*' 


[(PMe3)Pd(CH3)(ji-CH2PMe2)]2(40)b 


rra/tJ-(PMe3)2Pd(Ph)(OC(0)NHPh)  (42)C 


tranj-(PMe3)2Pd(Ph) 

[CO(0)CHCH(0)NH(Ph)]  (43)^ 


f/-ani-(PMe3)2Pd(Ph)[N(Ph)C(0)CHPh2](45)C 


franj-(PMe3)2Pd(Ph)[N(Ph)C(0)NHBu^]  (47)^ 


S.ppm    mult.     J.  Hz      integ         aifiifflll 


7.24 

d 

7.7 

2 

7.38 

d 

8.4 

1 

8.05 

s 

1 

-C(H)=N 

11.64 

s 

1 

-N-H 

1.07 

d 

6.6 

6 

-CHCH3 

1.30 

d 

10.3 

9 

PMe3 

5.55 

m 

1 

-CHCHs 

6.99 

m 

4 

aromatic 

7.33 

d 

S5 

1 

-C(H)=N 

0.15 

d 

6.7 

3 

Pd-CH3 

0.78 

d 

13.0 

9 

PMe3 

1.06 

d 

8.4 

9 

PMe3 

2.12 

s 

1 

-N-H 

6.44 

t 

7.4 

1 

aromatic 

6.78 

d 

8.4 

2 

7.26 

t 

7.3 

2 

0.58 

dd 

6 

Pd-CH3 

0.88 

d 

7.2 

18 

PMe3 

1.37 

d 

10.2 

12 

PMe2 

1.59 

ddd 

4 

-CH2PMe2 

1.13 

t 

3.3 

18 

trans-PMe3 

6.88 

t 

7.8 

2 

aromatic 

7.00 

t 

8.6 

2 

7.27 

m 

3 

7.33 

d 

7.3 

2 

7.64 

d 

7.3 

2 

0.68 

s 

18 

trans-PMe3 

6.35 

s 

1 

-C=CH 

6.36 

s 

1 

-c=<:h 

6.89 

t 

6.6 

2 

aromatic 

6.96 

t 

10.0 

2 

1 

7.24 

m 

4 

8.31 

d 

2 

14.06 

s 

1 

-N-H 

0.82 

t 

3.4 

18 

trans-PMe3 

6.07 

s 

1 

-C-H 

6.88 

t 

7.0 

1 

aromatic 

6.99 

t 

7.3 

1 

7.08 

t 

7.7 

1 

7.28 

m 

10 

7.48 

d 

-0 

1 

7.63 

d 

8.1 

1 

7.70 

d 

4 

0.69 

t 

3.7 

18 

trans-PMe3 

1.58 

s 

9 

-CiCH3)3 

5.44 

s 

1 

-N-H 
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Table  2.1.    Cont. 


compound 


frani-(PMe3)2Pd(Ph) 

([N(Ph)C(0)NH-2,6-ipr2-C6H3]  (48)^ 


franj-(PMe3)2Pd(Ph)[N(Ph)C(0)NHPh]   (49)*' 


trans-(PMe3)2Pd(Ph) 

(CH302C)C=C(C02CH3)NHPh)  (50)^ 


/ra/w-(PMe3)2Pd(C6H4C(H)=NPh) 

(CH302CC=C(C02CH3)(NHPh)  (51)C.d 


S.Dum 

mult. 

J,H7. 

intet 

a&£iiuu 

6.73 

t 

7.0 

1 

aromatic 

7.03 

m 

3 

7.25 

m 

2 

7.40 

t 

7.0 

2 

8.45 

d 

83 

2 

0.76 

t 

3.5 

18 

trans-PMe3 

1.35 

d 

6.8 

12 

-CH(CH3)2 

3.64 

m 

2 

-CH(CH3)2 

6.92 

m 

3 

aromatic 

7.01 

t 

73 

2 

7.25 

m 

4 

7.36 

t 

15 

2 

8.41 

d 

8.0 

2 

0.60 

t 

33 

18 

trans-PMe3 

6.92 

m 

2 

aromatic 

7.27 

t 

3.0 

2 

7.38 

t 

3.0 

2 

7.91 

s 

1 

-N-H 

8.06 

d 

9.8 

2 

8.46 

d 

83 

2 

1.05 

s 

18 

trans-PMe3 

3.70 

s 

3 

-CO2CH3 

3.73 

s 

3 

-CO2CH3 

5.66 

s 

1 

-N-H 

6.71 

d 

73 

2 

aromatic 

6.77 

t 

7.3 

1 

6.85 

t 

7.3 

1 

6.97 

d 

7.0 

2 

7.17 

m 

4 

1.03 

t 

4.0 

18 

trans-PMe3 

1.06 

t 

4.0 

18 

trans-PMe3 

3.50 

s 

3 

-CO2CH3 

3.63 

s 

3 

-CO2CH3 

3.69 

s 

3 

-CO2CH3 

3.73 

s 

3 

-CO2CH3 

5.77 

s 

1 

-N-H 

5.89 

s 

1 

-N-H 

6.15 

d 

9.0 

2 

aromatic 

6.61 

t 

83 

1 

6.70 

d 

8.0 

2 

6.78 

t 

6.0 

2 

6.87 

t 

8.0 

2 

7.04 

d 

7.0 

2 

7.09 

t 

73 

1 

7.17 

m 

4 

7.26 

d 

93 

2 

7.39 

m 

4 

7.54 

t 

7.4 

2 
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Table  2.1.    Cont. 


compound 


S-ppm    mult.     J.  Hz       iptcg  ailigut 


7.71 
8.59 
8.71 


5.0 


-cai)=N 
-cai)=N 


/ranj-(PMe3)2Pd(o-NH2-C6H4) 

(CH302CC=C(C02CH3)NHPh)  (52)''.d 


/raar-(PMe3)2Pd(C6H4C(H)=NPh) 
(CCCO2CH3)  (54)b 


l-anilino-l,2-dimethylcarboxylate- 
2-phenylethylene    (.55)^ 


N-phenyl-l-anilino-3,4-dimethylcarboxylate- 
1,2-dihydroisoquinoiine    (56)° 


Me3P=NPh•H2^fPh  (58)'' 


0.95 
3.27 
3.34 
3.47 
3.48 
3.66 
5.90 
5.94 
6.36 
6.74 
6.83 
6.98 
7.13 

0.85 
3.49 

7.07 
7.25 
7.47 
7.62 
7.88 
8.76 
2.87 
3.28 
6.74 
6.88 
7.00 
7.33 
11.03 

3.17 
3.57 
4.15 
6.01 
6.38 
6.73 
6.89 
7.03 
7.08 
7.20 
8.70 

0.86 
1.91 
6.36 
6.71 
6.86 


t 

s 

s 

s 

s 

s 

s 

s 

d 

m 

d 

t 

m 

t 
s 

m 

t 

d 

d 

d 

s 

s 

s 

m 

d 

m 

d 

s 


s 

d 
d 
d 

t 

m 

m 

d 

t 

d 


s 
d 
I 
t 


3.7 


7.4 

8.1 
7.8 


3.4 


7.7 
6.4 
8.1 
8.1 


4.4 
8.0 


11.0 
9.5 
8.5 
7.0 


8.5 
7.7 
7.7 

12.8 

7.4 
7.0 
8.6 


3 
3 

1 
1 
2 
1 
3 
3 
2 
2 
1 

9 

2 
2 
1 
1 


trans-PMe3 
PhNIi2 

PhNH2 

-CO2CH3 

-CO2CH3 

-CO2CH3 

-N-H 

-N-H 

aromatic 


18 
2 
2 

3 
3 
3 
1 
1 
2 
4 
3 
2 
8 


18     trans-PMe3 
3        -CO2CH3 

3  aromatic 

2 

2 

1 

1 

1 

3 

3 

1 

2 

3 

2 

1 


-C(H)=N 
-CO2CH3 
-CO2CH3 
aromatic 


-N-H 

-CO2CH3 
-CO2CH3 

-N-H 

-C-H 
aromatic 


PMe3 

PhNH2 
aromatic 
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Table  2.1.    Com. 


Cy3P=NPh  (61)' 


Me3P=NAr  (62)^ 


compound 


(PMe3)2Pd=NC6F5  (63)*' 
Me3P=NC6F5  (64)^5 
(PMe3)2Pd=N-3,5-(CF3)2-C6H3(65)b 

Me3P=N-3,5-(CF3)2-C6H3  (66)^ 


$,PDm 

muUi 

J,Hs 

integ 

assignt 

6.95 

d 

8.4 

2 

7.07 

t 

8.8 

2 

7.28 

t 

7.4 

2 

1.60 

m 

33 

PCy3 

6.68 

d 

7.4 

2 

aromatic 

6.75 

t 

7.0 

1 

7.15 

t 

7.7 

2 

0.76 

t 

3.3 

9 

PMe3 

1.38 

d 

6.6 

12 

-CH(CH3)2 

3.95 

m 

2 

-CH(CH3)2 

6.82 

t 

7.0 

2 

aromatic 

7.11 

d 

7.8 

2 

0.55 

t 

3.3 

PMe3 

0.80 

dt 

12.8 

PMe3 

0.54 

t 

3.3 

PMe3 

6.97 

s 

aromatic 

0.68 

d 

12J 

PMe3 

7.20 

s 

2 

aromatic 

7.34 

s 

1 

^All  spectroscopic  data  was  collected  at  23  °C.     The  multiplicity  doublet  and  triplet  are 
apparent  splitting  patterns   when  referring  to  the  PMe3   ligands  and  do  not  necessarily  reflect 

the  true  coupling  constants.    ^CgDg.  ''CDCI3.  '^Tlie  NMR  data  for  all  isomers. 
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Table  2.2.  13c{1h}  NMR  Data^ 

compound 
[(C6H4C(H)=NPri)Pd(PMe3)3][BF4]  (4)C 


[(PMe3)3Pd(C6N4C(H)=NPh)][BF4]  (5)= 


f/-an5-(PMe3)2Pd(C6H4C(H)=NPr»)(NHPh)  (9)^ 


rrart5-(PMe3)2Pd(C6H4C(H)=NPh)(NHPh)  (10)^ 


§.  ppm 

mult. 

J.  Hz 

assigm. 

IS^ 

t 

15.0 

trans-PMe3 

18.2 

d 

23.3 

cis-PMe3 

24.7 

s 

-CH(CH3)2 

61.2 

s 

-CH(CH3)2 

124.2 

s 

aromatic 

129.9 

s 

133.1 

s 

136.2 

s 

141.8 

s 

160.2 

s 

162.0 

s 

163.0 

s 

16.0 

t 

12.8 

trans-PMe3 

17.3 

d 

24.1 

cis-PMe3 

121.1 

s 

aromatic 

124.4 

s 

125.8 

s 

129.4 

s 

130.8 

d 

6.4 

134.3 

d 

5.9 

137.8 

t 

5.0 

141.5 

s 

151.7 

s 

165.0 

d 

4.9 

-C=N 

13.5 

uans-PMe3 

24.6 

t 

14.0 

-CH(CH3)2 

61.9 

s 

-CH(CH3)2 

108.8 

s 

aromatic 

115.3 

s 

122.4 

s 

127.3 

s 

127.6 

s 

128.3 

s 

129.1 

s 

136.9 

s 

162.2 

s 

163.1 

s 

13.0 

t 

12.2 

trans-PMe3 

108.9 

s 

115.3 

s 

121.1 

s 

122.6 

s 

125.5 

s 

128.7 

s 

128.8 

s 

129.1 

s 

129.3 

s 

137.2 

s 
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Table  2.2.    Cont. 

compound 


franj-(PMe3)2Pci(Ph)(NHPh)   (15)*' 


^ranj-(PMe3)2Pd(p-OCH3-C6H4)(NHPh)  (Ig)** 


fra/w-(PMe3)2Pd(o-NH2-C6H4)(NHPh)  (19)^ 


rra/u-(PMe3)2Pd[CH=C(H)C6H5](NHPh)  (21)^ 


mult. 


142.3 

s 

153.1 

s 

161.9 

s 

165.1 

s 

165.4 

s 

166.1 

t 

12.9 

t 

108.5 

s 

108.6 

s 

115.1 

s 

115.2 

s 

122.1 

s 

129.0 

s 

130.2 

s 

136.9 

s 

137.0 

s 

157.1 

t 

162.0 

s 

13.0 

t 

54.3 

s 

108.6 

s 

113.6 

s 

115.2 

s 

129.2 

s 

136.8 

t 

144.1 

t 

156.5 

s 

162.4 

s 

13.2 

t 

108.8 

s 

112.3 

s 

115.2 

s 

118.2 

s 

123.6 

s 

129.2 

s 

136.2 

t 

139.0 

t 

150.3 

s 

162.4 

s 

12.9 

t 

108.7 

s 

115.1 

s 

124.5 

s 

125.1 

s 

128.0 

s 

129.2 

s 

135.0 

s 

141.1 

s 

J- Hz  as2i£nL 


-£=N 

12.2  Pd-C 

13.5      trans-PMe3 
aromatic 


12.2  Pd-C 


14.2      trans-PMe3 
-OCH3 
aromatic 


4.4 
10.0  Pd-C 


14.3      trans-PMe3 
aromatic 


4.0 
10.0  Pd-C 


13.6      trans-PMe3 


Pd-C=£ 
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Table  2.2.    Cont. 

compound 

frflnj-(PMe3)2Pd(CH3)(NHPh)  (23)^ 


trani-(PMe3)2Pd(Ph)[N(Me)Ph]   (26)'' 


/ranj-(PMe3)2Pd(Ph)(NPh2)  (27)^ 


rra«j-(PMe3)2Pd(Ph) 

(NH-2.6-iPr2-C6H3)  (28)^' 


/rflnJ-(PMe3)2Pd(Ph)(NHPh-p-CH3)  (29)^ 


§.  ppm 

mult.. 

J.  Hz 

as£i£aL 

147.6 

t 

113 

Pd-£=C 

162.4 

s 

-12.0 

s 

Pd-£H3 

13.0 

s,  br 

trans-PMe3 

108.4 

s 

aromatic 

115.1 

s 

129.1 

s 

162.7 

s 

13.5 

t 

13.9 

trans-PMe3 

39.5 

s 

NCH3 

108.5 

s 

108.7 

s 

116.3 

s 

122.3 

s 

127.2 

s 

128.4 

s 

129.9 

s 

136.7 

t 

3.6 

137.3 

t 

3.8 

156.3 

t 

10.0 

Pd-C 

13.2 

t 

14.1 

trans-PMe3 

115.2 

s 

aromatic 

119.3 

s 

122.5 

s 

127.3 

s 

128.8 

s 

137.1 

t 

4.5 

155.0 

t 

9.5 

Pd-C 

155.8 

s 

13.0 

t 

14.2 

trans-PMe3 

24.0 

s 

28.7 

s 

110.6 

s 

122.7 

s 

127.1 

s 

132.4 

s 

137.7 

t 

4.2 

156.5 

t 

11.0 

Pd-C 

157.8 

s 

12.9 

t 

14.2 

trans-PMe3 

20.6 

s 

Ph-CH3 

115.9 

s 

aromatic 

116.3 

s 

122.2 

s 

127.2 

s 

130.0 

s 

137.1 

s 
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Table  2.2.    Com. 

compound 


lranj:-(PMe3)2Pd(C6H4C(H)=NPh) 
(NHPh-p-CH3)  (30)'' 


franj-(PMe3)2Pd 

(C6H4C(H)=NPh)(NC4H4)  (31)^ 


[(PMe3)Pd(CH3)(ji-NHPh)]2  (34)^ 


N-isopropyl-2-anilino    benzaldimine    (35)" 


5.  ppm 

muU. 

J,  Hz 

assignt. 

157.5 

t 

9.8 

Pd-C 

13.1 

t 

14.0 

trans-PMe3 

20.6 

8 

Ph-pCH3 

115.2 

S 

aromatic 

116.5 

s 

121.0 

s 

122.5 

s 

125.4 

s 

128.6 

s 

129.6 

s 

137.3 

s 

142.2 

s 

153.3 

s 

159.9 

s 

-£=N 

165.1 

s 

165.3 

s 

12.6 

t 

13.7 

trans-PMe3 

107.8 

s 

aromatic 

121.0 

s 

122.6 

s 

125.6 

s 

126.9 

s 

129.1 

s 

129.4 

s 

131.1 

s 

137.5 

s 

141.7 

s 

153.2 

s 

164.9 

s 

-C=N 

-1.0 

d 

8.2 

Pd-£H3 

13.8 

d 

29.3 

PMe3 

117.0 

s 

aromatic 

121.8 

s 

122.6 

s 

128.0 

s 

24.4 

s 

-CH(CH3)2 

61.4 

s 

-£H(CH3)2 

112.8 

s 

116.9 

s 

118.7 

s 

121.5 

s 

122.6 

s 

129.3 

s 

130.8 

s 

133.9 

s 

141.7 

s 

146.0 

s 

161.5 

s 

04 


Table  2.2.    Cont. 

Ct7pipound 

dJ-(PMe3)2Pd(CH3)(NHPh)  (38)^ 


trans 


-(PMe3)2Pcl(Ph)[OC(0)NHPh]  (42)C 


fran5-(PMe3)2Pd(Ph) 

[OC(0)CHCH(0)NH(Ph)]  (43)*' 


trans 


-(PMe3)2Pcl(Ph)[N(Ph)C(0)CHPh2l(45)': 


nmli.       LJiz 


assipnt. 


S.0 

dd 

114.6 

Pd-CH3 

14.2 

14.4 

107.0 

d 

dd 

s 

23.1 
55.0 

PMe3 

PMe3 

aromatic 

115.4 

s 

129.1 

s 

163.0 

s 

125 

t 

14.0 

trans-PMe3 

116.9 

s 

aromatic 

119.8 

s 

122.2 

s 

127.2 

s 

128.3 
135.7 

s 

t 

4.8 

142.0 
148.4 
158.9 

s 
t 
s 

12.0 

Pd-C 

-c=o 

12.2 

t 

14.3 

trans-PMe3 

119.6 

s 

aromatic 

122.9 

s 

123.1 

s 

127.6 

s 

128.9 

s 

133.4 

s 

134.5 
135.9 

s 
t 

4.8 

140.5 
149.1 
163.3 
171.6 

s 

t 
s 
s 

7.9 

Pd-C 
-C=0 
-C=0 

12.9 

t 

14.7 

trans-PMe3 

62.8 
120.6 

s 

s 

aromatic 

122.8 

s 

123.9 

s 

126.0 

s 

127.2 

s 

127.7 

s 

128.0 

s 

128.3 

s 

128.7 

s 

128.8 

s 

129.3 

s 

136.6 

s 

137.2 

s 

143.0 

s 

150.9 
151.5 
174.1 

s 
t 
s 

9.0 

-c=o 
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Table  2.2.    Cont. 

compound 

r/-anj-(PMe3)2Pd(Ph)[N(Ph)C(0)NHBut](47)b 


/ranj-(PMe3)2Pd(Ph) 

[N(Ph)C(0)NH-2,6-iPr2-C6H3]  (48)b 


fran5-(PMe3)2(Ph)[N(Ph)C(0)NHPh]   (49)^ 


rra«j-(PMe3)2Pd(Ph) 

(CH302CC=C(C02CH3)NHPh)  (50)^ 


§.  Dpm 

mult.. 

J.  Hz 

amgOL 

12.9 

t 

14.5 

trans-PMe3 

30.2 

s 

-C(CH3)3 

49.5 

s 

-£(CH3)3 

117.2 

s 

aromatic 

117.6 

s 

122.0 

s 

122.8 

s 

136.5 

s 

137.0 

s 

153.5 

s 

154.2 

t 

9.0 

Pd-C 

161.2 

s 

-C=0 

12.7 

t 

14.7 

trans-PMe3 

24.3 

s 

-CH(£H3)2 

28.8 

s 

-£H(CH3)2 

118.5 

s 

aromatic 

122.7 

s 

122.9 

s 

123.2 

s 

126.0 

s 

128.4 

s 

135.1 

s 

137.0 

s 

145.6 

s 

154.2 

t 

8.8 

Pd-C 

153.7 

s 

12.5 

t 

14.7 

trans-PMe3 

117.3 

s 

aromatic 

118.9 

s 

120.5 

s 

122.7 

s 

123.0 

s 

129.1 

s 

136.3 

s 

137.0 

s 

142.8 

s 

152.4 

s 

153.3 

t 

8.8 

Pd-C 

158.6 

s 

-C=0 

14.2 

t 

15.3 

trans-PMe3 

50.4 

s 

-C02CH3 

51.5 

s 

-CO2CH3 

115.4 

s 

aromatic 

118.9 

s 

122.2 

s 

126.6 

d 

11.7 

128.7 

s 

129.2 

s 

136.8 

s 
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Table  2.2.    Cont. 

compound 


S.  ppm       mult.        L_Hz 


franj-(PMe3)2Pd(C6H4C(H)=NPh) 

(CH302CC=C(C02CH3)NHPh)  (51)^-^ 


rranj-(PMe3)2Pd(o-NH2-C6H4) 

(CH302CC=C(C02CH3)NHPh)  (52)*' 


137.7 
145.6 
162.3 
163.1 
165.1 
175.7 

14.2 
14.8 
50.2 
50.4 
51.4 
51.5 
115.2 
115.3 
118.4 
119.0 
120.1 
120.6 
122.9 
124.8 
125.0 
128.4 
128.6 
128.8 
129.2 
129.3 
130.4 
130.6 
136.9 
138.5 
142.4 
142.5 
144.8 
145.3 
152.4 
154.2 
159.1 
162.6 
163.2 
163.4 
165.3 
166.7 
171.2 
175.0 
175.5 

14.0 
14.6 
503 

51.0 
112.3 


s 
s 
t 
s 
t 
s 

t 
t 
s 

s 
s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

t 

t 

s 

s 

s 

s 

s 

s 

t 

t 

s 

s 

s 

s 

m 

s 

s 

t 
t 
s 


10.1 
13.6 


15.2 
15.2 


3.5 
3.5 


7.6 
7.6 


15.2 
15.2 


assignt. 


Pd-C 

-c=o 

Pd-C=C 

-c=o 

trans-PMe3 

trans-PMe3 

-CO2CH3 

-CO2CH3 

-CO2CH3 

-CO2CH3 

aromatic 


Pd-£=C 
Pd-£=C 
aromatic 


Pd-C 
Pd-C 
-C=0 

-c=o 

-C=N 
-C=N 

-C=0 

-c=o 

trans-PMe3 
trans-PMe3 

-CO2CH3 

-CO2CH3 

aromatic 
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Table  2.2.    Cont. 

compound 


Iranj-(PMe3)2Pd(C6H4C(H)=NPh) 
(CCCO2CH3)  (54)b 


1 -aniline- 1,2-diniethy  Icarboxylate- 
2-phenylethylene    (55)" 


5.  ppm       mult.         J.  Hz 


112.6 

s 

114.2 

s 

115.0 

s 

115.5 

s 

118.1 

s 

118.3 

s 

118.6 

s 

119.0 

s 

124.0 

s 

124.1 

s 

129.0 

s 

129.1 

s 

136.5 

s 

137.3 

s 

144.6 

t 

146.0 

s 

146.6 

s 

150.9 

s 

151.6 

s 

163.3 

s 

163.8 

s 

164.1 

s 

174.9 

s 

175.1 

s 

14.7 

t 

50.7 

s 

121.2 

s 

122.9 

s 

125.7 

s 

129.0 

s 

129.4 

s 

130.3 

s 

138.0 

t 

143.4 

s 

152.0 

s 

163.9 

s 

S0.0 

s 

50.9 

s 

102.4 

s 

121.1 

s 

126.9 

s 

127.6 

s 

129.2 

s 

130.5 

s 

131.7 

s 

135.8 

s 

139.9 

s 

149.8 

s 

164.1 

s 

170.1 

s 

a££l£IlL 


17.0 


15.2 


-c=o 
-c=o 

trans-PMe3 
-C02CH3 


4.1 


-C=N 

-c=o 

-C02C]H3 

-C02CH3 

aromatic 


-C=C 
-C=C 

-c=o 
-c=o 
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Table  2.2.    Cont. 

compound 

N-phenyl-l-anilino-3,4-dimethylcarboxylate- 
1,2-dihydroisoquinoline    (56)'' 


mult.         J.  Hz 


Me3P=NPh-H2NPh  (58)*' 


(PMe3)2Pd=NC6F5  (63)*' 
(PMe3)2Pd=N-3,5-(CF3)2-C6H3(65)b 


^AU  spectroscopic  data  was  collected  at  23  °C.     The  multiplicity  doublet  and  triplet  are 
apparent  splitting  patterns  when  referring  to  the  PMe3   ligands  and  do  not  necessarily 

reflect  the  true  coupling  constants.    ^C6D6.  '^CDCl3.  ^^The  NMR  data  for  all  isomers. 


51.3 

s 

<:02CH3 

51.7 

s 

-CO2CH3 

73.3 

s 

-Q-H 

108.9 

s 

aromatic 

116.3 

s 

119.8 

s 

124.7 

s 

125.4 

s 

125.6 

s 

126.2 

s 

128.4 

s 

128.7 

s 

129.0 

s 

129.3 

s 

140.8 

s 

C=C 

144.2 

s 

C=C 

144.6 

s 

aromatic 

164.6 

s 

-c=o 

166.2 

s 

-C=0 

14.5 

d 

66.8 

PMe3 

114.7 

s 

aromatic 

116.7 

s 

118.0 

s 

122.5 

s 

122.8 

s 

129.1 

d 

4.9 

11.0 

t 

14.2 

PMe3 

11.9 

t 

14.7 

PMe3 

102.5 

s 

aromatic 

113.7 

s 

159.6 

s 

69 

Table  2.3.  31p{lH}  NMR  Data^ 

compound  5.  ppm  mult.  LBz, 

[(PMe3)3Pd(C6H4C(H)=NPr')][BF4]  (4)^ 

[(PMe3)3Pd(C6H4C(H)=NPh)][BF4]  (5)C 

fran5-(PMe3)2Pd(C6H4C(H)=NPr')(NHPh)  (9)*^ 
/ranj-(PMe3)2Pd(C6H4C(H)=NPh)(NHPh)  (10)*' 
rran5-(PMe3)2Pd(Ph)(NHPh)    (15)^ 
rranj-(PMe3)2Pd(p-OCH3-C6H4)(NHPh)  (18)^ 
/ra/jj-(PMe3)2Pd(o-NH2-C6H4)(NHPh)  (19)^ 
rrartj-(PMe3)2Pd[CH=C(H)C6H5](NHPh)  (21)*' 
rra/ij-(PMe3)2Pd(CH3)(NHPh)  (23)'' 
rra/ij-(PMe3)2Pd(Ph)[N(Me)Ph]   (26)*' 

rra/i5-(PMe3)2Pd(Ph)(NPh2)  (27)^ 

/ra/i5-(PMe3)2Pd(Ph) 

(NH-2,6-'Pr2-C6H3)  (28)^ 

rrart5-(PMe3)2Pd(Ph)(NH-Ph-p-CH3)  (29)*' 

rra«j-(PMe3)2Pd(C6H4C(H)=NPh) 
(NHPh-p-CH3)  (30)*' 

rrartj-(PMe3)2Pd(C6H4C(H)=NPh)  - 1 6.55 

(NC4H4)  (31)*' 

[(PMe3)Pd(Ph)(ji-NHPh)]2  (32)*'-^ 

[(PMe3)Pd(CH3)(ji-NHPh)]2  (34)*'«d 

r/-an5-(PMe3)Pd(C6H4C(H)=NPr')I  (37)*' 
ci5-(PMe3)2Pd(CH3)(NHPh)  (38)*' 


-19.53 

d 

43.0 

-28.06 

t 

42.0 

-19.64 

d 

42.0 

-27.46 

t 

42.0 

-16.87 

s 

-16.77 

s 

-16.79 

s 

-16.28 

s 

-14.81 

s 

-16.26 

s 

-14.15 

s 

-15.06 

s 

-17.31 

s 

-18.43 

s 

-16.37 

s 

-16.63 

s 

»'      ((*          /> 

-11.12 

s 

-12.12 

s 

-15.04 

s 

-7.58 

s 

-8.23 

s 

-9.92 

s 

-5.30 

s 

-14.42 

d 

10.9 

-22.23 

d 

11.0 
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Table  2.3.    Cont, 

compound  5.  ppm  mult.  J.  Hz 

[(PMe3)Pd(CH3)(^-CH2PMe2)]2(40)b 

rranj-(PMe3)2Pd(Ph)(OC(0)NHPh)  (42)^ 

r/-a/w-(PMe3)2Pd(Ph) 

[CO(OX:HCH(0)NH(Ph)]  (43)'' 

;ra/w-(PMe3)2Pd(Ph)[N(Ph)C(0)CHPh2](45)C 
rra/w-(PMe3)2Pd(Ph)[N(Ph)C(0)NHBut]  (47)^ 

tranj;-(PMe3)2Pd(Ph) 

[(N(Ph)C(0)NH-2,6-'Pr2-C6H3]  (48)^ 

/ran5-(PMe3)2Pd(Ph)[N(Ph)C(0)NHPh]   (49)^ 

/rani-(PMe3)2Pd(Ph) 

(CH302CC=C(C02CH3)NHPh)  (50)^ 

rra/w-(PMe3)2Pd(C6H4C(H)=NPh) 

(CH302CC=C(C02CH3)(hfHPh)  (51)C.d 

/ra/w-(PMe3)2Pd(o-NH2-C6H4) 

(CH302COC=C(C02CH3)NHPh)  (52)t»''i 

rra/ty-(PMe3)2Pd(C6H4C(H)=NPh)  -17.31  s 

(CCCO2CH3)  (54)b 

Me3P=NPh-H2NPh  (58)^  3.89  s 

Cy3P=NfPh  (61)C  35.28  s 

Me3P=NAr  (62)^  -15.74  s 

(PMe3)2Pd(NC6F5)  (63)*'  -9.91  s 

Me3P=NC6F5  (64)^  13.76  s 

(PMe3)2Pd[N-3,5-(CF3)2-C6H3]  (65)^  -9.16  s 

Me3P=N-3,5-(CF3)2-C6H3  (66)^  8-82  s 

^All  speoroscopic  data  was  collected  at  23  "C.    ^C(,Dq.  CCDCI3.  'I'The  NMR  data  for  all 
isomers. 


-14.04 

dd 

-19.97 

dd 

-16.22 

s 

-17.46 

s 

-18.40 

s 

-17.07 

s 

-17.66 

s 

-17.27 

s 

-16.67 

s 

-16.76 

s 

-17.92 

s 

-15.75 

s 

-15.82 

s 

CHAPTERS 

SYNTHESIS  AND  CHARACTERIZATION 

OF  PALLADIUM(II)  AMIDE  COMPLEXES 


As  discussed  in  Chapter  1,  there  are  only  a  limited  number  of 
well-characterized   palladium(II)    amide    complexes.      Although   there 
are   several    stable   nickel(II)   and   platinum(II)   complexes   that   have 
been   isolated,   the   preparation    of   stable   palladium(II)   amide 
complexes  has  met  with  little  success.      Our  research  interests  have 
been   directed   toward   the   synthesis   of  stable,   monomeric 
palladium(II)  amide  complexes.     In  the  first  section  of  Chapter  3,  the 
synthesis   and   characterization   of  a   variety   monomeric   palladium(II) 
amide  complexes  will  be  presented.     The  ancillary  ligands  as  well  as 
substituent  effects  on  the  amido  group  and  the  metal  center  will  be 
discussed   with  regard   to   amide   stability. 

The  second  and  third  sections  of  Chapter  3  focus  on  the  thermal 
stability  of  the  Pd-N  bond.     The  tendency  of  monomeric 
palladium(II)    amide   complexes   to   dimerize    and    undergo   reductive 
elimination  will  be  emphasized.     Thermolysis  of  selected  monomeric 
amide  complexes  was  investigated  in  order  to  gain  a  better 
understanding   of  the   thermal   stability   of  these   amide   complexes. 

In  the  final  section  of  Chapter  3,  the  synthesis  and 
characterization   of  a  monomeric   palladium(II)   amide   complex 
possessing  cis  stereochemistry  will  be  discussed.     The  majority  of 
amide  complexes  of  the  Ni  triad  are  trans,  therefore  the  isolation  of  a 


71 


72 

stable  cis   amide   complex   may  provide  further  information  regarding 
the  thermal   stability  of  palladium(II)  amide  complexes.      The 
reactivity  of  the  cis   amide  complex  and  other  related  chemistry  will 
also  be  discussed  in  greater  detail. 

Synthesis    and   Characterization   of 
Monomeric    PalladiumClD    Amide    Complexes 

Addition   of  Nucleophiles   to   Cationic   Ortho-metalated   Palladiumdn 
Complexes 

In  Chapter   1,  a  variety  of  methods  for  the  preparation  of  late- 
transition-metal   amido  complexes   was  discussed.      Although   the 
methods  presented  in  Chapter   1   are  the  most  common,  they  are  not 
the  only  means  to  generate  new  M-N  bonds.     Indeed,  with  the 
scarcity   of  late-transition-metal   amide   complexes   in    the   literature, 
other  approaches   for  the  preparation   of  these   complexes   must  be 
investigated.      Our  research  interests   involve   the  development  of  non- 
conventional  approaches  to  the  synthesis  of  this  class  of  compounds. 

One  such  approach  can  be  seen  in  eq.  3.1.     It  has  been 
established   that  the  coordination   of  unsaturated   organic   ligands   to 
transition   metals   actvates   the   ligand   toward   nucleophilic   attack." « 
This  approach  has  led  to  the  preparation  of  a  variety  of 


LnM-^N 


LJA N 

Nu     i-     "  \  (3.1) 

C-Nu 


transition    metal    alkoxide    complexes.^ 9     in  our  laboratory,  this 
approach   was   investigated   in   order   to   prepare   ruthenium   amide 
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complexes.     The  addition  of  a  variety  of  nucleophiles  to  the  cationic 
ortho-metalated    ruthenium    complex    I   resulted    in    stereospecific 
nucleophilic  attack  of  the  imine  carbon  to  generate  the  neutral 
ruthenium(II)   amide  complex   II   (eq.   3. 2). 70     The  crystal  structure  of 
II  confirmed  that  nucleophilic  attack  did  occur  at  the  imine  carbon, 

,xvN^-^N  -^       ^3Li     ^  ^^.svR"^ ^N  (3.2) 


II 


with  the  formation  of  the  new  Ru-N  bond.     The  Ru-N  bond  distance  of 
2.08(2)  A  was  consistent  with  the  M-N  bond  distances  of  other 
monomeric    late-transition-metal    amide    complexes. 32b, 35g 

The   successful   generation   of  ruthenium  amide  complexes  by 
nucleophilic  attack  of  an  imine  ligand  coordinated  to  a  cationic  metal 
center  represented  in  eq.   3.2  prompted  us  to  investigate  this 
approach  with  other  late-transition   metals.      The  facile  preparation   of 
ortho-metalated   palladium(II)   complexes   in   the   literature   is   well 
known. 71      The  addition  of  a  nucleophile  to  a  cationic  ortho-metalated 
imine  complexes  of  palladium(II)   could   generate  new  Pd-N  bonds. 
The  synthesis  of  the  first  cationic  complex  of  palladium(II) 
investigated  can  be  found  in  Figure  3.1.     Compound  1   was  prepared 
in  high  yield  by  refluxing  Pd(0Ac)2   and  N-isopropylbenzaldimine  in 
acetic  acid.    The  addition  of  NaCl  to  a  solution  of  1  in  acetone  resulted 
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in  the  immediate  precipitation  of  the  chloride-bridged  dimer  2.    The 
addition  of  two  equivalents  of  AgBF4  to  a  solution  of  2  in  CH3CN 
afforded   3  as  a  yellow-orange  oil.     Addition  of  three  equivalents  of 
PMe3  to  3  in  CH2CI2  resulted  in  quantitative  conversion  to  the  five- 
coordinate  cation   4.     Compound  4  is  air-stable  in  the  solid  state  and 
in  solution  at  25  °C.     The  compound  was  characterized  with  the  use  of 
1h,  13c,  and  31p  NMR  spectroscopy.    The  31p{lH}  NMR  spectrum 
shows  a  doublet  and  a  triplet  in  a  2:1  ratio  (^Jp-p  =  42  Hz)  and  is 
consistent    with    the    pseudo-square-pyramidal    structure    of  4.    The 
compound   [(C6H4C(H)=NPh)Pd(PMe3)3][BF4](5)  was  also  prepared  in 
a  manner  identical  to  that  in  Figure  3.1,  with  all  spectroscopic  data 
consistent  with  that  of  compound  5. 

Nucleophilic  attack  on  the  imine  carbon  of  4  was  next 
investigated.     The  addition  of  CH3Li  to  a  solution  of  4  in  THF  at  -60  °C 
and    subsequent   warming    to   room    temperature    afforded    the 
palladium  methyl  complex  6  (eq.  3.3).    The  ^H  NMR  spectrum  of  6 
revealed  a  broad  singlet  at  0  ppm  for  the  protons  of  the  methyl 


/^NPrVMe3    "^^  /^NPr'pj^,^ 

/~y-Pd— PMe3      +  CHjLi   ^  ^~J — Pd  — CH3  (3.3) 

MesP  MejP 

4  6 


group  bonded  to  palladium.     Retention  of  the  imine  proton  singlet  at 
8.85  ppm  also  confirmed   that  there  was  preferential   attack  at  the 
metal  and  not  the  imine  carbon. 
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2Q^    +      2Pd(0Ac),^^ 


^P^'     OAc 
Pd 


acetone 


NaCl(aq) 


2   AgBF4 


CH3CN 


■^ 


n 


+bf: 


NPr 
Pd(N(XH  3)2 


3  PMe3 


CH2a2 


-^- 


/^         PMe3 
PMej 


+  BF, 


PMej 


Figure  3.1.  The  synthesis  of  4. 
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The  crystal  structure  of  4   may  explain   why  nucleophilic  attack 
was  observed  at  the  metal  center.     The  crystal  structure  of  4 
consisted  of  well -separated  anions  and  cations.     The  thermal  ellipsoid 
drawing  of  4  is  found  in  Figure  3.2,  while  selected  bond  lengths  and 
angles  can  be  found  in  Table  3.1. 

Table  3.1.    Selected  bond  lengths  (A)  and  angles  (°)  for  4, 


Pd-P(l) 

2.324(3) 

P(l)-Pd-P(2) 

165.0(1) 

Pd-P(2) 

2.325(3) 

P(l)-Pd-P(3) 

96.3(1) 

Pd-P(3) 

2.360(3) 

P(2)-Pd-P(3) 

96.2(1) 

Pd-C(l) 

2.048(7) 

P(l)-Pd-C(l) 

83.0(2) 

N-C(7) 

1.238(13) 

P(2)-Pd-C(l) 

83.7(2) 

N-C(8) 

1.457(15) 

P(3)-Pd-C(l) 

174.6(2) 

Pd-N 

2.779(3) 

The   cations    have   a   pseudo-square-pyramidal    geometry   with   the 
PMe3   groups  and  the  phenyl  group  occupying  sites  in  the  basal  plane 
and  the  imine  nitrogen  occupying  the  apical  position.     The  Pd-N  bond 
distance  of  2.78  A  is  extremely  long  and  suggests  a  very  weak  Pd-N 
interaction.     This  distance  is  typical  of  Pd-N  distances  in  related  five- 
coordinate    compounds. 72     The  Pd-P  distances  show  the  strong  trans 
influence  of  the  phenyl  group,  which  was  consistent  with  the 
observed  chemistry.     The  Pl-Pd-P2  angle  angle  is   165°  and  was  bent 
toward  the  less   sterically  demanding  phenyl   group.      The  remaining 
bond  lengths   and   angles  fall   within  expected  ranges. 

The  Pd-N  bond  length  in  complex  4   suggested  that  the  imine 
carbon  was  only  weakly  coordinated  to  the  metal  center. 
Examination  of  the  ^^C  NMR  spectrum  of  4  revealed  an  imine  carbon 
resonance  at  163  ppm,  a  value  very  close  to  that  of  free  ligand.     This 
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value  differs   by   15-20  ppm  from  that  observed  in   other  ortho- 
metalated  benzaldimine  complexes  in  which  the  N  atom  was 
definitely   bound  to   metal73   and  suggested  that,  in  solution,  the  N 
atom  of  4   may  not  be  coordinated,  making  the  metal  center  the  most 
likely  site  of  nucleophilic  attack. 

The  use  of  bidentate  phosphine  ligands  will  generate  a  four- 
coordinate  complex,   therefore  forcing   the  imine  nitrogen  to 
coordinate  to  the  cationic  metal  center.     The  addition  of  DMPE  [1,2- 
bis(dimethylphosphino)ethane]    and    DPPE    [1,2- 
bis(diphenylphosphino)ethane]    to   a   solution    of 
[(C6H4CH=NPh)Pd(NCCH3)2][BF4]  in  CH2CI2  afforded  compounds  7 
and  8  respectively.     The  addition  of  the  nucleophiles  CH3',  H",  and 
CH3O"  to  compounds  7  and  8   resulted  in  the  formation  of  intractable 
products  (eq.   3.4).*     One  possible  explanation  for  the  difference  in 
reactivity   between   the   cationic   ruthenium    and   palladium   complexes 
with  nucleophiles  may  involve  steric  hindrance.     The  metal  center  in 
the  cationic  ruthenium  complex  in  eq.   3.2  was  guarded  against 
nucleophilic  attack  by  the  PMe3    and   hexamethylbenzene   ligands, 
therefore   rendering   the   imine   carbon    susceptible   to   nucleophilic 
attack.     The  metal  center  of  compounds  4,5,  7,  and  8   however  are 


*Doufou,  P.  D.;  Boncella,  J.  M.,  unpublished  results. 
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intractable 
products 


(3.4) 


7:  R  =  Me 
8:  R  =  Ph 


not   surrounded   by   bulky   ligands,   therefore   the  cationic   metal  center 
was  exposed   and   susceptible   to  nucleophilic   attack. 


Addition  of  Amide  Reagents  to  Cationic  and  Neutral  PalladiumdD 
Complexes 

Preferential  attack  at  the  metal  center  in  eq.  3.3   suggests  that 

amide  reagents  can  be  employed  to  generate  new  Pd-N  bonds.     The 

addition  of  KNHPh  to  a  solution  of  4  in  THF  at  -60  °C  resulted  in 

nucleophilic  attack  at  the  metal  center  and  generation  of  the  amide 

complex   9  (eq.  3.5).     Although  compound  9  is  air-sensitive,  it  is 


/    \ — Pd — PMeg      +     KNHPh 
MegP 

4  R  =  Pr' 

5  R  =  Ph 


NHPh   (3.5) 


9R  =  Pr 
10  R  =  Ph 


thermally  stable  at  room   temperature   and  can  be   stored  under  an 
atmosphere  of  nitrogen.     The  yellow  crystals  of  9    were   characterized 
by  NMR  spectroscopy.     The  ^H  NMR  spectrum  revealed  broad  singlets 
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at  0.71  ppm  and  1.61  ppm  for  the  PMe3   and  N-H  protons 
respectively  (Figure  3.3).    A  singlet  in  the  31p{lH}  NMR  spectrum  at 
-16.87    ppm   confirmed   trans    stereochemistry    about   the   metal   center. 
The  group  on  the  imine  nitrogen  was  not  restricted  to  alkyl 
substituents.     In  an  identical  procedure,  the  amide  complex   10  was 
prepared  by  the  addition  of  KNHPh  to  5  (eq.  3.5).    All  NMR  data  was 
consistent  with  the  formation  of  10,  with  a  broad  singlet  at  1.53  ppm 
for  the  N-H  proton  in  the  1h  NMR   spectrum. 

The  addition  of  KNHPh  to  cationic  palladium(II)  complexes 
provided   a  convenient  method   for   the   preparation   of  palladium 
amido  complexes.     As  was  discussed  in  Chapter   1,  transmetallation 
reactions   are  a  common  route  to  the   synthesis  of  late-transition- 
metal  amide  complexes.     The  majority  of  these  reactions  involve  the 
addition  of  an  amide  reagent  to  a  metal  halide  complex,  with  the 
chloride  ion  as  the  leaving  group.     In  order  to  understand  the 
limitations  of  the  transmetallation  reactions  in  eq.  3.5,  the  addition  of 
amide   reagents    to   neutral   palladium(ll)    complexes    was   investigated. 

A   preliminary   reaction   between    a   neutral   palladium(II) 
complex  and  KNHPh  can  be  found  in  eq.  3.6.    The  addition  of  KNHPh 
to  11  did  not  result  in  the  formation  of  the  amide  complex  9.    The 

/^NPr'pj^,^                                                     /^NPr'pMe3 
/~\ pd'_a     +    KNHPh         ^  >    ^~\ Pd  — NHPh  (3.6) 

MejP  MejP 

11  9 


tt  1 


\ 


- 
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u 

•o 

NO 
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.S 

9« 
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lack  of  amide  formation  in  eq.  3.6  suggests  that  the  nature  of  the 
leaving  group  may  dictate  the  extent  of  amide  formation.     Trogler 
recently  demonstrated  that  the  addition   of  NaNHPh  to  trans- 
(PEt3)2Pt(H)Cl  did  not  result  in  amide  formation,  however  when  the 
leaving  group  was  the  nitrate  ion,  the  formation  of  a  thermally  stable 
platinum  amide  complex   was   observed   (eq.   3.7).32b     Although  the 
chloride  ion  was  not  an  appropriate  leaving  group  in  eq.  3.6,  the 
synthesis  of  two  palladium(II)  amide  complexes  by  the  addition  of 
NaNHPh  to  the  hydridochloro  palladium  complexes  I  and  II  was 


rra«5-(PEt3)2Pt(H)Cl 


NaNHPh 


\ 

rran5-(PEt3)2Pt(H)(NHPh)  (3.7) 

/ran5-(PEt3)2Pt(H)N03  / 


+ 
NaNHPh 


recently  reported  (eq.   3.8).30^     The  chloride  ion  of  these  complexes 
is  a  better  leaving  group  due  to  the  strong  trans  effect  of  the  hydride 
moiety.     The  weaker  trans  effect  exerted  by  the  phenyl  group  of  1 1 
results  in  a  stronger  Pd-Cl  bond  as  compared  to  the 
Pd-Cl  bond  of  the  hydridochloro  palladium  complexes  in  eq.  3.8, 
therefore  displacement  of  the  chloride  ion  by  an   amide  reagent  may 
not  possible. 

The  lack  of  reactivity  in  eq.  3.6  prompted  us  to  investigate 
other  leaving  groups.     Simple  ion  exchange  with  Nal  converted  11  to 
the  iodo  complex  12   in  essentially  quantitative  yield.     When 
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L 

I 
H-Pd-Cl 

I 
L 


NaNHPh 


L 
I 

H~Pd-NHPh 

I 
L 


(3.8) 


L  =  PCy3,  P'Pr3 

compound   12  was  allowed  to  react  with  KNHPh  in  THF  at  -60  °C, 
compound    9  was  generated  in  31%  isolated  yield.     The  amide 
complex   10  was  also  generated  by  the  addition  of  KNHPh  to  the  iodo 
complex   13  in  THF  (eq.  3.9).     The  generation  of  compounds  9  and  10 


MegP 


KNHPh 


12  R  =  Pr' 

13  R  =  Ph 


iNR 


/i^^^  PMe3 
-^  (~\ — Pd  —  NHPh   (3.9) 
Me3P 


9R  =  Pr' 
10  R  =  Ph 


from   neutral    and   cationic    palladium(II)   complexes    demonstrated   that 
the  nature  of  the  leaving  group  controls  the  extent  of  amide 
formation.     The  addition  of  KNHPh  to  cationic  palladium(II) 
complexes  in  eq.  3.5  resulted  in  the  displacement  of  one  equivalent 
of  PMe3   and  the  formation  of  Pd-N  bonds.     Phosphines  are  generally 
not  considered  good  leaving   groups;   however,  their  ability  to  behave 
as  a  leaving  group  from  a  cationic  complex  was  comparable  to  that  of 
the  iodide   ion  from   the  corresponding   neutral   molecule. 
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Synthesis   and   Characterization  of  Substituted  Phenyl.  Vinyl,   and 
Alkyl   PalladiumCin   Amide   Complexes 

Compounds    9  and  10   are  stable  complexes  at  room 
temperature  in  the  solid   state  and  in  solution;   however  the  amide 
complexes   in   eq.   3.8   are   unstable   at  more   elevated   temperatures. 
The  high  degree  of  stability  of  9  and  10    was  intriguing,   therefore  we 
examined   what  influence   the  substituent  trans   to  the  amido  group 
had  on  the  overall   stability  of  palladium(II)  amide  complexes. 

The  presence  of  the  imine  functionalities  of  9  and  10   may 
enhance  the  stability  of  these  complexes.     The  crystal  structure  of  4 
confirmed   that  there   was   a  weak  interaction   between   the  metal 
center  and   the  imine  nitrogen.      In  order  to  understand  what  effect 
the  imine  functionality  has  on  amide  stability,  it  was  necessary  to 
prepare   palladium   amide   complexes   without   the   imine   functionlity. 
The  compound   rranj-(PMe3)2Pd(Ph)I   (14)   was   conveniently 
prepared  by  the  addition  of  Phi  to  Pd(PMe3)4  in  pentane.     The 
addition  of  1.5  equivalents  of  KNHPh  to  a  solution  of  trans- 
(PMe3)2Pd(Ph)I  in  THF  at  -78°C  afforded  the  amido  complex  trans- 
(PMe3)2Pd(Ph)(NHPh)(15)  as  yellow  crystals  (eq.  3.10).    The  Ir  NMR 


PMe, 


Ph Pd- 

/ 

MegP 

14 


KNHPh 


PMe. 


Ph Pd NHPh         (3.10) 


/ 


MeaP 


1  5 


spectrum  of  15  in  C6D6  revealed  a  broad  singlet  at  1.66  ppm  for  the 
N-H  proton,  a  virtual  triplet  at  0.74  ppm  for  the  protons  of  PMe3, 
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and  a  well  defined  phenyl  region  (Figure  3.4).     An  15N-enriched 
sample  of  15  was  prepared,  and  a  doublet  at  1.66  ppm  (Un-H  =  69 
Hz)  confirmed  the  formation  of  the  Pd-N  bond.     The  presence  of  a 
singlet  at  -16.79  ppm  in  the  31p{lH}  NMR  spectrum  of  15  as  well  as 
a  virtual  triplet  at   157.1   ppm  (apparent  Jp-c  =  12.2  Hz)  in  the 
13c{1h}  NMR  spectrum  for  the  ipso  carbon  of  the  phenyl  ring  bound 
to  palladium  confirmed   the   trans   stereochemistry   about   the   metal 
center. 

Crystallization   of  15  from  diethyl  ether  at  0  °C  afforded  a 
crystal  suitable  for  an  X-ray  diffraction  study.     The  thermal  ellipsoid 
drawing  of  15   is  found  in  Figure  3.5,  while  selected  bond  lengths  and 
angles  can  be  found  in  Table  3.2.     The  Pd-N  bond  distance  of  2.116 
(13)  A  was  consistent  with  Pt-N  and  Ir-N  bond  distances  of 

Table  3.2.    Selected  bond  lengths  (A)  and  angles  (°)  for  15. 


Pd-P(l) 

2.301(4) 

P(l)-Pd-P(2) 

169.45(13) 

Pd-P(2) 

2.300(4) 

P(l)-Pd-N 

95.3(3) 

Pd-N 

2.116(13) 

P(2)-Pd-N 

90.5(3) 

Pd-C(ll) 

2.03(2) 

P(2)-Pd-C(ll) 

87.9(4) 

N-C(21) 

1.32(2) 

P(l)-Pd-C(ll) 

86.8(4) 

N-Pd-C(ll) 

176.5(4) 

C(21)-Pd-N 

130.4(9) 

previously    reported    amide    complexes. 29c, 32b     The  expected  trans 
square-planar   geometry    about   palladium   was    observed,    with    the 
phosphine   ligands   bent   toward   the   less   sterically   demanding   phenyl 
ring.     The  amide  proton  could  not  be  located  from  a  difference 
Fourier  map.     Its  position  was  calculated  based  on  planar  geometry 
around  the  N  atom.     An  examination  of  a  set  of  crystal  structures 
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(containing  the  -NHPh  group)  obtained  from  the  Cambridge 
Structural    Database^^  revealed  that  the  N  atom  assumes  a  planar 
geometry.     This  is,  perhaps,  due  to  a  strong  interaction  between  the 
aromatic   tc -electrons  of  the  N  atom,  as  evidenced  by  the  relatively 
short  N-C21    bond  distance   [1.32(2)A].     This  structural  evidence  was 
consistent  with   previous   results   that  show   there   were   no   significant 
7t -interactions    between    amide    ligands    and    late    transition-metal 
centers. 24a     xhg  remaining  bond  lengths  and  angles  fall  within 
expected  ranges.      Although   the   structures   of  several 
platinum(II)25,32b,75    and  nickel(II)31a   complexes   have   been 
solved,  to  date,  only  one  monomeric  amide  complex  of  palladium(II) 
has  been   structurally  characterized  by  a  single  X-ray  crystal 
diffraction    study. 3  la 

The  presence  of  electron-donating   groups  on   the  phenyl  group 
bonded  to  palladium  was   examined  in   order  to  determine  what  effect 
they  had  on  the  stability  of  palladium  amide  complexes.     The 
addition  of  p-anisole  and  o-iodoaniline   to   Pd(PMe3)4  in  pentane 
generated    16  and  17  as  fine  white  powders.     The  addition  of  KNHPh 
to  16  and  17   in  a  procedure  identical  to  that  above  afforded  the 
amide  complexes   18  and  19  respectively  (eq.  3.11).     The  ^H   NMR 


KNHPh ^R— f      \) Pd NHPh(3.11) 


16  R  =  OCH3;  R"  =  H  18  R  =  OCH3;  R'  =  H 

17  R  =  H;  R'  =  NH2  19  R  =  H;  R'  =  NHj 
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spectrum  of  18  revealed  the  presence  of  two  singlets  at  1.68  and 
3.45  ppm  for  the  N-H  and  OCH3  protons  respectively.     The  ^H  NMR 
spectrum  of  19  also  revealed  the  presence  of  a  singlet  at  1.64  ppm 
for  the  N-H  proton  as  well  as  a  broad  singlet  at  3.52  ppm  for  the 
amine  protons.      Trans   stereochemistry  was   conserved,   with   singlets 
in  the  31p{lH}  NMR  spectrum  at  -16.28  and  -14.81  ppm  for  18  and 
19    respectively. 

The  preparation  and  characterization   of  amide  complexes   9, 
10,  15,  18,  and  19  demonstrated    that   the    presence    of   the   phenyl 
ring  trans  to  the  anilide  moiety  resulted  in  the  isolation  of  thermally 
stable  palladium(II)  amide  complexes.      In   order  to  further 
understand   the    stability   of  palladium   amide   complexes,   other 
substituents   trans   to  the   anilide   moiety   were   investigated.      When 
rra«5-(PMe3)2Pd[CH=C(H)C6H5]Br(20)  was  allowed  to  react  with 
excess  KNHPh  in  THF,  rran5-(PMe3)2Pd[CH=C(H)C6H5](NHPh)  (21) 
was  isolated  as  a  yellow  powder  from  diethyl  ether  in  fairly  low 
yield  (28%)  (eq.  3.12).     Compound  21  is  thermally  stable  at  room 
temperature,   and   can   be   stored   under   an   inert  atmosphere. 


PMe3                                                          PMej 
Pd Br   +  KNHPh   — ^^^     ^^ Pd NHPh    (3.12) 


MejP 


2  1 


Attempts  to  synthesize  the  iodo  and  cationic  complexes  of  20, 
failed,   therefore   the  bromo  compound   was   used  despite  lower 
reaction  yields  of  21  as  compared   to   the  other  reported   amide       ',t 
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complexes.     The  ^H  NMR  spectrum  of  21  revealed  a  broad  singlet  at 
1.62  ppm  for  the  anilide  proton  and  a  broad  singlet  at  0.87  ppm  for 
the  protons  of  PMe3  (Figure   3.6).    A  doublet  at  6.63  ppm  (J  =  16.9  Hz) 
and  a  doublet  of  triplets  at  7.52  ppm  (J  =  17.3  Hz)  for  the  two  vinylic 
protons  was  consistent  with   trans   stereochemistry  about  the  C-C 
double    bond. 7 6     All  other  spectroscopic  data  was  consistent  with  the 
structure  of  21. 

The  presence  of  an  sp^  carbon  center  (phenyl  or  vinyl)  trans  to 
the   anilide    moiety   enhanced   the   stability   of  palladium(II)   amide 
complexes   compared  to  the  palladium(II)   amide  complexes  in  eq.   3.8. 
The   preparation   of  palladium(II)   alkyl   amido  complex   was   carried 
out  to  provide  further  information   about  the  thermal   stability  of  this 
class  of  compounds.     Addition  of  KNHPh  to  a  solution  of  trans- 
(PMe3)2Pd(CH3)I  (22)  in  THF  resulted  in  the  formation  of  trans- 
(PMe3)2Pd(CH3)(NHPh)  (23)  (eq.  3.13).     Unlike  the  previously 


CH 


3 ^Pd- 

/ 
MegP 

2  2 


PMej 
—  I     + 


KNHPh 


PMe. 


CH3 Pd- 

/ 

MegP 

23 


■NHPh 


(3.13) 


reported  amide  complexes,  the  amount  of  KNHPh  employed 
determined   the   stereochemistry   about   the   metal   center.      Compound 
23  was  prepared  by  the  addition  of  a  slight  deficiency  of  KNHPh  to 
rran5-(PMe3)2Pd(CH3)I  in  THF.    When  an  excess  of  amide  reagent 
was  utilized,  the  cis  isomer  of  23  was  isolated.     The  nature  of  the  cis 
isomer  as  well  all  related  chemistry  will  be  reported  in  the  following 
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section.     The  NMR  data  for  23   was  consistent  with  trans 
stereochemistry.     The  ^H  NMR  of  23  in  C6D6  revealed  a  broad  singlet 
at  0.05  ppm  for  the  protons  of  the  methyl  group  attached  to  the 
metal  center  and  a  broad  resonance  at  1.63  ppm  for  the  N-H  proton 
(Figure  3.7).     Trans  stereochemistry  was  conserved,  with  a  singlet  at 
-14.15  ppm  in  the  31p{lH}    NMR   spectrum. 

Another  route  to  23  is  shown  in  eq.  3.14.     The  addition  of  one 
equivalent  of  aniline  to  cj\s-Pd(PMe3)2(CH3)2(24)  in  C6D6  does 


CH 


3 


MesP Pd CH3 

Me3P  70  °C 

24 


22  H 


Pd NHPh        (3.14) 


+ 
H2NPh 


CH3 Pd- 

Me3P 

PMe3 
—NHPh 

23 

not  afford  23  at  23  °C.     The  lack  of  reactivity  can  be  compared  with 
the  immediate  formation  of  //-an5-(PMe3)2Pd(CH3)(OPh)(25)  from 
the  reaction  of  phenol  with  /ran5-Pd(PMe3)2(CH3)2  at  room 
temperature   (eq.    3. 15). 77     The  decrease  in  acidity  when  going  from 

CH3 

/ 

Me3P Pd CH3 

V  .PMe3 

MeaP                                    23  °C                              / 
^24  ^    CH3 Pd OPh  (3.15) 


HOPh 
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phenol  to  aniline  was  responsible  for  the  difference  in  reactivity. 
When  the  reaction  between  aniline  and  cj\s-Pd(PMe3)2(CH3)2  was 
allowed  to  proceed  at  70  °C  for  22  hours,  incomplete  formation  of  23 
was  observed  by  ^H  NMR  spectroscopy.     The  broad  N-H  resonance  at 
1.65  ppm  as  well  a  singlet  at  0  ppm  for  free  methane  confirmed  the 
formation  of  23.  Although    compound    23   was  observed,  it  was  only 
present  in  small  amounts  relative  to   starting  material.      The  reaction 
was  then  allowed  to  proceed  at  80  °C  for  an  additional  12  hours  in 
order  to  increase  the  concentration  of  compound  23.    The  ^H   NMR 
and  31p{lH}   NMR  spectrum  revealed  an  increase  in  the 
concentration   of  23   with  respect  to  the  concentration  of  24,  however 
after  prolonged   heating,    the   presence   of  three   new   singlets   between 
-7  and  -10  ppm  in  the  31p{lH)    NMR   spectrum   suggested   that  three 
other  compounds   were   generated   in   the   thermolysis   reaction.      The 
nature   of  these   thermolysis   products   will   be  discussed  in   greater 
detail  in  the  following  section. 

The  reaction  in  eq.   3.14  suggests  that  the   thermodynamic 
product  was  the  trans  isomer.     During  the  the  thermolysis  of  24  with 
aniline,  the  cis  isomer  was  never  detected  by  NMR  spectroscopy. 
Recently,   Landis   demonstrated   that   the   initial   product  from   the 
addition  of  l^N-triflamide  to  I  was  the  cis  isomer  II  (eq.  3. 16). 3  8 
Upon  heating  the  mixture  for  three  hours  at  60  °C,  the  trans  isomer 
III  was  the  only  compound  present  in  the  ^H   NMR    spectrum. 
The  trans  isomer  of  of  24  may  be  the  species  in  solution  that  was 
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Oi  3  PE^ 

/  H2NSO2CF3  / 

EtjP  Ft  CH3    = — ^     CH3 Pt  NHSO2CF3 

/  -CH4  / 

EtjP  EtjP 

I         N^  ^      III  (3.16) 

CH3     y^ 

/ 

Et3P Pt  NHSO2CF3 

/ 

Et3P 

II 


protonated    by    aniline.      Indeed,    variable    temperature   experiments 
revealed   that  24   readily  isomerizes  to  the  trans  isomer  at  elevated 
temperatures. 

The  Effects  of  Ancillary  Ligands  on  the  Stability  and  Structure  of 
Palladiumdn    Amide    Complexes 

In   organometallic   chemistry,   the   presence   of  coordinated 
ligands   often   determines   the   stability,   reactivity,   and   structure   of  the 
organometallic  compound.     The  nature  of  the  ancillary  ligands  of 
late-transition-metal    amide    complexes    significantly    influences    the 
stability  of  this  class  of  compounds.     The  ligand  employed  most 
frequently    in    the    preparation    of   late-transition-metal    amide 
complexes  is   the  phosphine  ligand.      Tertiary   phosphines  serve  two 
purposes:    1)   tertiary   phosphines    stabilize   amide   complexes   toward 
reduction,   and   2)  tertiary  phosphines   can   prevent  the  dimerization   of 
late-transition-metal   amide   complexes.      Both   of  these   considerations 
will  be  discussed  in  greater  detail  below. 

Trialkyl  phosphine  ligands  are  good  a-donor  ligands.     By 
increasing  the  electron  density  at  the  metal  center,  the  potential  for 
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two  substituents  to  reductively  eliminate  is  reduced.     An  example 
that  demonstrates   how   the   tertiary   phosphine   can   influence   amide 
stability  can  be  seen  below.     Compound  15    exhibited   thermal 
stability  in  the  solid  state  as  well  as  in  solution  at  25  °C  (eq.  3.10). 
Under  identical  reaction  conditions,   fran5-(PPh3)2Pd(Ph)I(25)  was 
allowed  to  react  with  KNHPh  (eq.  3.17).     Although  reactivity  in  the 
form  of  precipitate  formation  was   observed,   a  stable  amide  complex 
was   never  isolated.      While   the   majority   of  late-transition-metal 


PPh. 


Ph Pd- 

PhjP 

25 


KNHPh 


intractable 
products 


(3.17) 


amide  complexes  have  trialkyl  phosphines  as  ancillary  ligands,  there 
are  examples  of  late-transition-metal  amide  complexes  with  PPh3  as 
the  ancillary  ligand.29c,35a-e,g 

The  utilization   of  the   sterically  demanding   trialkyl  phosphine 
ligands   PCy3  and  piPr3  provided  limited   stability  to  two  palladium 
amide    complexes. ^Oa     while  the  amide  complex  trans- 
Pd(PPri3)2(H)(NHPh)  was  never  isolated,  it  exhibited  thermal 
stability  in  benzene  for  several  hours.     The  amide  complex  trans- 
Pd(PCy3)2(H)(NHPh)  was  isolated,  however  it  decomposes  to  aniline 
and    Pd(PCy3)2   at  room  temperature  within  days.     The  mechanism 
for   reductive   elimination   requires    that   the   two   departing 
substituents  be  cis  to  one  another.78      The  sterically  demanding  PCy3 
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ligand  stabilized  the  trans  amide  complex  for  a  limited  time  in  eq. 
3.18;    however   reductive   elimination   was    observed, 

PCy3 

H— Pd— NHPh  ^    H2NPh      +      Pd(PCy3)2  (3.18) 

I 
PCy3 

Trialkyl   phosphines   can   also  determine   the   structure   of  late- 
transition-metal   amide   complexes.      The  lone-pair  electrons   on 
nitrogen  can  behave  as  a  ligand   and  coordinate  to  another  metal 
center;   therefore  generating  bridging  amide  complexes.     The  use  of 
sterically  demanding   ligands   can  protect  the   metal   center  from 
coordination  of  an  amido  group  from  another  metal  center.     An 
example  of  how  phosphines  can  prevent  the  dimerization  of  late- 
transition-metal-amide  complexes  can  be  seen  in  eq.  3.19.     The 
addition   of  NaNH2   to  the  platinum(II)  amine  complex  I  generated  the 
bridging  dimer  II.     In  an  identical  procedure,  the  addition  of  NaNH2 
to  III  generated  the  monomeric  amide  complex  IV  (eq.   3.20).35g 

franj-[Pt(H)(NH3)(PEt3)2][C104]     +    NaNH2     ^  (3.19) 

I 

0.5  [PtH(n-NH2)PEt3]2    +    NH3    +     004' 
II 

trans-[Pt{n)(NU2)(PCy^)2][Cl04]    +    NaNH2 (3.20) 

III 

f/-a«5-Pt(H)(NH2)(PCy3)2       +    NH3    +     004' 
IV 
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These  results   clearly   demonstrate   that   the   nature   of  the   supporting 
ligands   effects   the    overall    structure   of   late-transition-metal    amide 
complexes. 

All   monomeric   palladium(II)    amide   complexes   presented   in 
this  report  have  PMe3   as  the  ancillary  ligands.     During  the 
preparation   of  these  complexes,   dimer  formation   was   only   observed 
in  one  instance.     A  detailed  discussion  about  the  synthesis  and 
characterization   of  dimeric   palladium(II)   amide   complexes   will   be 
presented  in  the  following   section. 

Selection  of  Amide  Reagents 

The  only  amide  reagent  employed  in  the  synthesis  of  the 
monomeric  amide  complexes  discussed  until  now  was  KNHPh.     The 
counter-ion  of  the  amide  reagent  dictated  the  extent  of  amide 
formation.     While  the  addition  of  KNHPh  to  cationic  and  neutral 
palladium(II)    complexes    generated    palladium(II)    amide    complexes, 
the  addition  of  LiNHPh  to  these  compounds  did  not  result  in  amide 
formation.     The  amide  reagent  LiNHPh  is  utilized  most  frequently  in 
transmetallation    reactions. 25, 27, 29a, c     xhe  platinum  and  palladium 
amide  complexes  prepared  by  Trogler  utilized  NaNHPh;   however  no 
account  was  given  for  why  this  reagent  was  used. 3 2     Throughout  this 
report,   the   amide  reagent   utilized   had   potassium   as  its   counter-ion. 

As  was  discussed  in  the  previous  sections,  the  -NHPh  moiety 
forms   stable   monomeric   amide   complexes   with  palladium.      In  order 
to  understand  what  influence  the  amido  group  has  on  the  overall 
stability  of  the  amide  complex,   substitution   about  the  amido  group 
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was  investigated.     The  addition  of  KN(Me)Ph  to  14  afforded  the  N- 
methylanilide   complex   26  as  yellow  crystals  (eq.  3.21).     Compound 


PMeg 

Ph Pd 1    +    KN(Me)Ph 

MejP 

14 


PMe. 


^' 


Ph Pd N(Me)Ph    (3.21) 

/ 

MejP 

26 


26  was  characterized  by  ^H,  l^c,  and  31p  NMR  spectroscopy.     The  ^H 
NMR   spectrum  of  26  revealed  a  singlet  at  2.92  ppm  for  the  methyl 
protons  of  the  anilide  moiety  (Figure  3.8).     A  virtual  triplet  at  0.67 
ppm  (apparent  Jp.H  =  3.3  Hz)  in  the  ^H  NMR  spectrum  for  the  protons 
of  PMe3  and  a  singlet  at  -15.06  ppm  in  the  31p{lH}    NMR   spectrum 
confirmed   trans   stereochemistry   about   the   metal   center.      In   the 
13c{1h}  NMR  spectrum,  there  were  two  virtual  triplets  at  136.7 
(apparent  Jp-c  =  3.6  Hz)  and  137.7  ppm  (apparent  Jp.c  =  3.8  Hz). 
With  a  virtual  triplet  at  156.3  ppm  (apparent  Jp-c  =  10.0  Hz)  for  the 
ipso  carbon,   the  two  virtual  triplets  represent  the  two  ortho  carbons 
of  the  metal-bound  phenyl  ring.     The  ^H  NMR  spectrum  revealed  at 
least  seven  signals  in  the  aromatic  region.     If  the  two  phenyl  rings  of 
26  were  freely  rotating,  then  only  six  signals  would  be  expected  in 
the  phenyl  region.     This  NMR  data  for  26   was  consistent  with 
restricted  rotation  of  both  phenyl  rings  of  26.     The  crystal  structure 
of  15   revealed  that  the  two  phosphine  ligands   are   bent  toward  the 
less  sterically  demanding  phenyl  ring  on  palladium.     The  presence  of 
the   sterically   demanding   methyl   group   of  the   anilide 
moiety  may  push  the  two  PMe3   ligands  even  closer  to  the  phenyl 
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ring   trans   to   the  anilide   substituent;    thereby  increasing   the   barrier  to 
rotation  about  the  Pd-Ph  bond.     To  date,  compound  26  was  the  first 
amide  complex  of  palladium(II)  possessing   p -hydrogen    atoms. 
Although   late   metal-amide  complexes   with   |3 -hydrogen    atoms    have 
been    isolated, 25  there  is  a  strong  tendency  for  these  complexes  to 
undergo   P -hydrogen    elimination    to    generate    the    corresponding 
hydride    complexes. ^  9 

The  amide  complex  /ra«5-(PMe3)2Pd(Ph)(NPh2)(27)  was 
prepared  by  the  addition  of  KNPh2  to  a  solution  of  14  in  THF 
at  -60  °C  (eq.  3.22).    A  singlet  at  -17.31  ppm  in  the  31p{lH}    NMR 
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(3.22) 


spectrum   confirmed    trans    stereochemistry    about   the    metal   center. 
The  13c (Ih)  NMR  spectrum  of  27  revealed  eight  signals  in  the 
aromatic  region,  with  two  virtual  triplets  at   155.0  (apparent  Jp-h  = 
9.5  Hz)  and  137.1  ppm  (apparent  Jp-h  =  4.5  Hz)  for  the  ipso  and  ortho 
carbons  respectively  of  the  phenyl  ring  bound  to  palladium.     The 
symmetrical   amide   ligand   prohibits   the   observation   of  hindered 
rotation  about  the  Pd-Ph  bond  by  NMR  spectroscopy.     Although 
monomeric   amide  complexes   with   the   NPh2   moiety  have  recently 
been    isolated,37   dimeric  amide  complexes  with  the  NPh2   moiety 
have   also   been   prepared. 8  0 
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The   utilization  of  sterically  demanding   amide  reagents  was 
investigated   in   order  to  determine  what  influence  they  have  on  the 
structure   and   stability  of  palladium(II)   amide  complexes.      Generally, 
the  presence   of  sterically  demanding   substituents   on   the   amido 
functionality    prevent    the   dimerization    of   late-transition-metal    amide 
complexes.     The  first  reagent  investigated  can  be  found  in  eq.  3.23. 

PMe3  PMej 


^  <j^ 


>'' 


Ph Pd 1    +    KNHAr Ph Pd NHAr  (3.23) 

/  / 

^^3''  ^  ^         Ar  =  2.6-Pr'-QH3  ^^^3P  ^  ^ 


When    KNH-2,6-Pri-C6H3  was  allowed  to  react  with  14  in  THF  at  -60 
°C,  the  monomeric  amide  complex  28  was  isolated  in  31.2%  yield. 
The  1h  NMR  spectrum  of  28  in  Figure  3.9  revealed  the  N-H 
resonance  as  a  broad  singlet  at  1.83  ppm  as  well  as  a  doublet  at  1.44 
ppm  and  a  multiplet  at  4.08  ppm  for  the  methyl  and  methine 
protons  respectively  of  the  isopropyl  groups.     The  NMR  data  in  Figure 
3.9  as  well  as  the  l^cflH}  NMR  spectrum  of  28  was  consistent  with 
free  rotation   about   the   nitrogen-carbon   bond   of  the  amido   group. 
Compound    28  was  thermally  stable  in  the  solid  state  and  in  solution 
at  25  °C,  revealing  no  indication  of  reductive  elimination  or 
dimerization. 

The  presence  of  other  substituents  on  the  phenyl  ring  of  the 
amido  group  was  examined.     The  addition  of  KNH-P-CH3-C6H4  to  a 
solution  of  14  in  THF  generated  the   monomeric  amide  complex  2  9 
(eq.  3.24).    The  1h  NMR  spectrum  of  29  revealed  a  broad  singlet  at 
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1.51  ppm  for  the  N-H  proton,  as  well  as  a  singlet  at  2.38  ppm  for  the 
methyl  protons  of  the  toluidide  moiety.     A  virtual  triplet  at  0.76  ppm 
(apparent  J  =  4.0  Hz)  in  the  ^H  NMR  spectrum  for  the  methyl  protons 
of  PMe3  as  well  as  a  singlet  at  -16.37  ppm  in  the  31p{lH}    NMR 
spectrum   confirmed    trans    stereochemistry    about   the   metal   center. 
Under  identical  conditions,  the  addition  of  KNH-PCH3-C6H4  to  5 
generated  the  amide  complex  30  (eq.  3.25).     Nucleophilic  attack  was 
observed  at  the  metal  center  and  not  the  imine  carbon,  with 
retention  of  the  imine  proton  resonance  in  the  ^H  NMR   spectrum  at 
9.30  ppm.     All  other  NMR  data  was  consistent  with  the  monomeric 
amide  complex  30. 

PMe, 

/ 

Ph— Pd 1    +  KNH-P-CH3C6H4 (3.24) 

x/r     /  PMe3 

MejP  ^o-         3 

1  ^  Ph Pd" NH-P-CH3C6H4 

MeaP 

29 

/--NPhpMe,    "1^ 

/    \ — Pd — PMe3    +    KNH-P-CH3C6H4    ^  (3.25) 

Me3P 

5  /^^^NPhpM,^ 

<Q^  P  d  — NH-P-CH3C6H4 

Me3P 

30 
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It  is  apparent  that  the  phenyl  ring  on  the  amido  group 
stabilizes   palladium(II)   amide   complexes   by   reducing   the  electron 
density  at  the  amido  nitrogen  through  tc -stabilization.      The  crystal 
structure  of  15   confirmed  the  ti -interaction    between    the    lone-pair 
electrons   on   nitrogen  and  the  phenyl  ring. 

The  reactivity   of  the  pyrrolyl   anion   with   cationic  palladium(II) 
complexes  was  examined.     The  aromaticity  of  the  pyrrole  moiety 
may   further   stabilize   the   lone-pair  electrons   on   nitrogen,   therefore 
increasing  the  stability  of  the  palladium  amide  complex.     When 
KNC4H4  was  allowed  to  react  with  5  in  THF  at  -60  °C,  the  amide 
complex   31   was  isolated  as  bright  yellow  crystals  from  diethyl  ether 
at  0  °C  (eq.  3.26).    The  Ir  NMR  spectrum  of  31  revealed  two 
doublets  at  7.61  (J  =  6.6  Hz)  and  7.76  ppm  (J  =  6.2  Hz)  for  the  protons 
on  the  pyrrole  moiety.     All  other  NMR  data  was  consistent  with  31 


/    \ — Pd — PMej    +       KN        j      ^ 

Me^P 

5  /^         PMe^ 


(3.26) 


Me3P 

3  1 


as  the  monomeric  amide  complex.     The  pyrrolyl  anion  has  been 
utilized  in  the  generation  of  Pt(II)'75,  Ni(II)81,  Fe(ni)82,  and 
Ir(ni)41i   amide  complexes.     The  addition  of  two  equivalents  of 
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NaC4H4  to  c/\s-Pt(PEt3)2Cl2  generated  the  bis(amido)  complex  I  as  a 
white,   air-stable   product   (eq.   3.27) J  ^ 


Et3P'"  ^N^ 


cw-Pt(PEt3)2Cl2      +      2  NaN        j    ^  ^^^^      ^  (3.27) 


I 


All  amide  complexes  reported  so  far  possess  a  substituent  on 
the  amido  group  that  can   stabilize  the  lone-pair  electrons  on 
nitrogen.      While  the   majority   of  late-transition-metal   amide 
complexes  possess  arylamido  groups,  there  are  a  limited  number  of 
silyl  and  alkyl  amido  complexes.     The  most  notable  silyl  amide 
complexes  involve  the  addition  of  the  hybrid  ligand 
(R2PCH2SiMe2)2N'  to   late-transition-metal   halide   complexes 
reported  by   Fryzuk   (eq.   3. 28). 29b, 31     There  are  a  limited  number  of 
examples   where   (Me3Si)2N"  behaves  as  a  nucleophile  (eq.  3.29- 
30). 83      Indeed,  the  utilization  of  bis(trimethylsilyl)amide  as  a  base 


Me2Si  ^  MezSi  \ 

MX2L2     +  N-  — ►  N — M-X         (3.28) 

/                      -L                     /  / 

Me2Si                                        Me2Si  ' 

^    N PR2  \ PR2 

M  =  Ni,  Pd,  Pt 
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Ru(PPh3)3(H)Cl     +    LiN(SiMe3)2     ^  (3.29) 

Ru(PPh3)3(H)N(SiMe3)2 
Rh(PPh3)3Cl      +     LiN(SiMe3)2   ^  Rh(PPh3)3N(SiMe3)2        (3.30) 

in   deprotonation  reactions   is   a  common   route   to   late-transition-metal 
amide    complexes. 34, 35f     Attempts  to  prepare  alkyl  and  silyl  amide 
complexes  of  palladium(II)  were  unsuccessful.     The  addition  of 
M-NHtBu  (M  =  Na,  K)  and  KN(SiMe3)2  to  neutral  and  cationic 
palladium(II)   complexes   resulted   in   the   formation   of  intractable 
products.      Although  amide   formation   may  occur  initially,  the 
resulting  alkyl  or  silyl  amide  complex   may  be  thermally  unstable 
compared   to  the  arylamido  complexes,   therefore  decomposition  is   to 
be   expected. 


Synthesis.   Characterization,   and   X-ray   Crystal 
Analyses  of  Dimeric  PalladiumriD  Amide  Complexes 


The   tendency   of  late   transition-metal-amide   complexes   to 
dimerize  is  due  to  the  lone-pair  electrons  on  nitrogen.     Although  the 
crystal  structure  of  15   revealed   that  there  was  stabilization  of  the 
lone-pair  elctrons  by  the  phenyl  ring,  the  amido  group  can  behave  as 
a  ligand,  and  coordinate  to  another  metal  center  generating  dimeric 
species. o4      xhe  majority   of  late-transition-metal   amide  complexes 
have  bridging   amide  groups;   however  the  utilization  of  sterically 
demanding   ligands   and   amide   reagents   can   prevent   the   dimerization 
of  monomeric  amide  complexes.   In  this  section,  the  preparation  of 
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dimeric  palladium(II)  amide  complexes  will  be  presented.     By 
examining   the  stability  and  reactivity  of  these  complexes,  a  better 
understanding   of  the   stability   of  monomeric   palladium(II)   amide 
complexes  may  follow. 

In  order  to  generate  dimeric   complexes   from  the  corresponding 
monomeric  complex,  the  loss  of  a  coordinated  ligand  is  required. 
Thermolysis  of  a  monomeric  palladium(II)   amide  complex  could 
promote   the   dissociation   of  coordinated   ligand.      Trimethylphosphine 
is  a  low  boiling  liquid  (39  °C),  therefore  removal  of  free  PMe3  from 
solution  under  reduced  pressure   should  be  facile.      Dimerization  did 
not  occur  when  compound   15   was  warmed  in  toluene  (70-80  °C) 
followed  by  removal  of  solvent  under  reduced  pressure.     However 
when   15  was  warmed  to  90°  C  in  the  solid  state  for  12  hours  under 
reduced  pressure  (200  mtorr),   the  yellow  crystals   of  15   were 
converted  to  a  grey  powder.    The  ^H  NMR  spectrum  of  this  solid  in 
C6D6  revealed  doublets  at  0.32  ppm  (2jp.H  =  9.5  Hz)  and  1.28  ppm 
(3jp.H  =5.1  Hz)  for  the  protons  of  PMe3  and  the  anilide  moiety 
(Figure  3.10).     This  NMR  data  was  consistent  with  the  bridging 
anilide  dimer  32,  generated  by  the  loss  of  PMe3  in  15  and 
coordination  by  the  amido  group  from  a  second  metal  center  (eq. 
3.31).     The  doublet  for  the  anilide  proton  was  consistent  with  32, 
with  the  anilide  moiety  trans  to  a  PMe3  ligand.     A  singlet  at  -11.12 
ppm  in  the  31p{lH}  NMR  spectrum  was  also  consistent  with  32. 

Crystallization  of  32  from  diethyl  ether  at  0  °C  afforded  a  white 
crystal  suitable  for  X-ray  diffraction   studies.     The  thermal  ellipsoid 
drawing  of  32  can  be  found  in  Figure  3.11,  with  selected  bond 
lengths  in  Table  3.3.     The  diffraction  study  confirmed  the 
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Ph     H 
\  / 
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PK   /  \   / 

-^  Pd  Pd 

Ph     H 
32 


PMe. 


Ph 


(3.31) 


stereochemistry    of   32.     The  crystal  structure  consisted  of  two 
crystallographically   independent   half-dimers;    each   located   at   a 
center  of  inversion.      No   significant  differences   were  observed 
between  the  dimers.     The  amide  protons  were  located  from  a 
difference  Fourier  map.     The  PMe3  ligands  and  the  phenyl  rings  of 
the   anilide  moieties   are   in  the  anti,anti  configuration   respectively. 
The  geometry   about  each   metal  center  was   square  planar,   with 


Table  3.3.    Selected  bond  lengths  (A)  and  angles  (°)  for  32. 


Pd-P 

2.234(2) 

P-Pd-N 

177.8(2) 

Pd-N 

2.129(6) 

P-Pd-N(i) 

97.9(2) 

Pd-N(i) 

2.148(6) 

N-Pd-N(i) 

83.9(2) 

Pd-Cll 

2.004(7) 

N-Pd-Cll 

91.2(2) 

N-C21 

1.409(9) 

N(i)-Pd-Cll 

174.6(2) 

Cll-Pd-P 

86.9(2) 

C21-N-Pd 

113.9(4) 

observed  N-Pd-N(i)  bond  angle  of  83.9(2)°.     The  Pd-N  bond  distances 
are  2.129(6)  and  2.148(6)  A.      The  symmetrical  Pd-N-Pd  bond 
distances  as  well  as  Pd-Pd  distances  of  3.181  A  and  3.190  A  for  the 
two  crystallographically   independent  dimers   are   similar   to   those   of 
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the   platinum(II)    bridging   amide   complexes   reported   by 
Roundhill.35f 

After  one  hour  at  25  °C,  the  ^H  NMR  spectrum  of  32  in  C6D6 
revealed  the  presence  of  a  new  doublet  at  1.22  ppm  (^Jp-H  =  6.6  Hz) 
and  a  singlet  at  1.46  ppm.     The  presence  of  two  new  singlets  at 
-12.22  and  -15.04  ppm  in  the  31p{lH}   NMR  spectrum  of  the  mixture 
suggested  the  presence  of  two  new  isomers  of  32  (Figure  3.12).     The 
doublet  at   1.22  ppm  was  consistent  with  isomer  B,  with  the  PMe3 
ligands  and  the  phenyl  rings  of  the  anilide  moieties  in  the  anti,syn 
configuration   respectively.      Isomerization    about   the   amido   nitrogen 
has   been   reported   for   dinuclear   palladium(II)   complexes   containing 
bridging   anilide   bridging. 85     The  second  isomer  is  the  syn  isomer  C. 
A  singlet  and  triplet  for  the  two  inequivalent  amide  protons  for  C  is 
expected  in  the  1h  NMR  spectrum;  however,  only  a  singlet  at  1.46 
ppm  was  observed.      Recently,   Roundhill  reported  dimeric 
platinum(II)   amide  complexes   isomerize   to   generate   the  anti  and   syn 
isomers  similar  to  those  of  A  and  C   in  Figure  3. 12.3  5  g 

After   repeated    attempts    to   crystallize  10,   suitable  crystals   for 
X-ray  diffraction   studies   were   obtained;   however  the  crystal 
structure   analysis   revealed   that  the   dimeric   amido  complex   33  was 
isolated  and  not  the  monomeric  complex   10.     Although  compound  10 
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Figure   3.12.  Possible  isomers  for  32  (R  =  Ph)  and  34  (R  =  CH3). 


Table  3.4.    Selected  bond  lengths  (A)  and  angles  (°)  for  33. 


Pd-P 

2.233(2) 

P-Pd-Nl 

97.2(2) 

Pd'-P" 

2.232(2) 

P-Pd-Nl' 

178.3(2) 

Pd-Nl 

2.148(6) 

Nl-Pd-NT 

83.8(3) 

Pd-Nl" 

2.144(7) 

Nl-Pd-Cl 

174.6(3) 

Pd'-Nl 

2.122(7) 

Nl'-Pd-Cl 

90.8(3) 

Pd'-Nl' 

2.134(7) 

Cl-Pd-P 

88.2(2) 

Cl-Pd 

2.017(7) 

P'-Pd'-Nl 

174.7(2) 

Cr-Pd' 

2.021(7) 

P'-Pd'-Nl' 

96.4(2) 

Nl-Pd'-Nr 

84.7(3) 

Ni-Pd'-cr 

90.2(3) 

Ni'-Pd'-cr 

174.1(3) 

cr-Pd'-p* 

89.0(2) 

was  fully  characterized   as   the   monomer,   attempts   to  isolate  crystals 
of  10  proved  to  be  unsuccessful.     The  thermal  ellipsoid  drawing  of 
33  can  be  found  in  Figure  3.13.     The  dimers  have  2-fold  rotation 
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pseudosymmetry   with   the   axis   of  rotation   perpendicular  to   the 
Pd...Pd  coordination  plane.     It  is  interesting  to  note  that  all  ligands 
extend  to  the  same  side  of  the  coordination  plane.     Presumably  this 
minimizes  the   molecular  surface  area;   thereby  providing   for  a  more 
efficient  packing  in  the  crystal  lattice.     The  selected  bond  lengths  and 
angles  of  33  can  be  found  in  Table  3.4.    The  Pd-Pd'  distance  of  3.141 
A  as  well  as  the  four  Pd-N  distances  are  similar  to  those  found  in  32. 
All  other  bond  lengths  and  angles  of  33   fall  within  expected  ranges. 

Attempts    to    synthesize   33  in  a  manner  similar  to  that  of  32 
met  with  little  success.     The  presence  of  the  imine  functionality  of  10 
increases   the  potential  for  reductive  elimination   due   to  the 
possibility   of  ligand   assisted   trans-cis   isomerization   about  the  metal 
center. 30     Varying  the  reaction  conditions  such  as  temperature  and 
pressure  only   led   to  reductive  elimination   or  incomplete  conversion 
from  monomer  to  dimer.     Although  we  were  unable  to  isolate 
significant  amounts  of  33,  some  NMR  data  was  obtained  from  the 
thermolysis  of  10.    The  ^H  NMR  of  the  resulting  residue  from  the 
thermolysis   of  10   showed  the  presence  of  at  least  six  isomers  of  33 
as  determined  by  the  six  new  singlets  between  8.8  and   10.3  ppm  for 
the  protons  of  the  imine  functionalities.     A  series  of  doublets  and 
singlets  between   1.0  and   1.4  ppm  for  the  anilide  protons  suggest  that 
the  anilide  moieties  are  trans  and  cis  to  PMe3  ligands.    The  31p{lH} 
NMR   spectrum   of  33  was  consistent  with  the  presence  of  six  to  seven 
isomers  of  33   at  room  temperature.     The  presence  of  the  imine 
functionality  can  be  responsible  for  the  increase  in  number  of 
observed    isomers    of  33  as  compared  to  those  of  32  if  there  is 
hindered  rotation  of  the  phenyl   group  about  the  Pd-C  bond. 
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When   compound   23   was  isolated  and  characterized,  small 
amounts  of  a  dimeric  species  were  detected  by  NMR  spectroscopy. 
In  order  to  confirm  that  this   species  was   a  dimeric  palladium(II) 
amide  complex,   the  thermal  dimerization  of  23  was  carried  out. 
When  the  yellow  powder  of  compound  23  was  warmed  to  70  °C 
under  reduced  pressure  (200  mtorr)  for   16   hours,  a  white  solid 
remained.     The  ^H  NMR  spectrum  of  this  powder  in  Figure  3.14 
revealed   complete  converson   of  23  to  the  dimeric  species  34 


Ph     H 
\/ 

^  70  op  \      /  \       /  "* 

Me Pd NHPh    ^  Pd  Pd  (3.32) 

J  16  h  /     \     ^       \Me 

23  Ph     H 

34 


(eq.  3.32).     All  NMR  data  was  consistent  with  34.    A  doublet  at  1.50 
ppm  (J  =  5.5  Hz)  for  the  N-H  resonance  as  well  as  doublets  at  0.54 
and  0.16  ppm  for  the  protons  of  the  PMe3  and  CH3    groups 
respectively   confirmed  dimer  formation.      Like  compound   32,33 
readily  isomerizes  at  25  °C.     The  presence  of  three  singlets  at  -7.57, 
-8.23,  and  -9.92  ppm  in  the  31p{lH}  NMR  spectrum  as  well  as  three 
sets  of  doublets  at  0.5  and  0.2  ppm  for  the  protons  of  PMe3  and 
Pd-CH3   respectively  was  consistent  with  the  presence  of  three 
isomers  in  solution.     From  this  NMR  data,  we  believe  these  isomers 
are  the  same  as  those  of  32  (Figure    3.12). 
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Although    34  is  similar  in  many  aspects  to  32,  there  was  one 
noticeable  difference  between  the  two.     The  synthesis  of  34    required 
significantly  lower  reaction  temperatures   as   compared  to  32  (  70  °C 
to  90  °C  respectively).     Indeed,  when  compound  23   was 
recrystallized  from  diethyl  ether  at  0  °C,  small  amounts  of  34  were 
detected  by  NMR  spectroscopy.     The  group  trans  to  the  anilide 
moiety  appears  to  be  responsible  for  the  difference  in  stability 
between    32  and  34   with  respect  to  dimer  formation.     The  crystal 
structure  of  15   revealed   that  there   was  no  significant  interaction 
between   the  electron-pair   on   nitrogen   and   the   metal   center;   thereby 
eliminating  any  claim  that  the  group  trans  to  the  anilide  moiety  can 
stabilize  the  molecule  by  way  of  tc -stabilization.      The  difference 
between    32  and  34   may  be  electrostatic  in  nature. 8 6     The 
polarizability  of  the  ligand  trans  to  the  amide  substiuent  controls  the 
stability  of  the  molecule.     Dimerization  is  probably  controlled  by  the 
propensity  to  lose  PMe3   and  steric  congestion  around  the  metal 
center. 

The  reactivity  of  the  dimeric   amide  complexes  32  and  34   with 
PMe3   was  investigated.     The  addition  of  excess  PMe3  to  32  and  34 
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in  C6D6   at  room  temperature  resulted  in  the  immediate  formation  of 
the   monomeric   amide   complexes    15  and  23    respectively  (eq.   3.33). 
The  1h  NMR  spectrum  revealed  that  the  conversion  of  both  dimers  to 
the  corresponding   monomers   was  quantitative,   with  no  indication   of 
reductive   elimination.      Although    stable    monomeric   palladium(II) 
complexes  were  generated  in  eq.  3.33  by  the  addition  of  PMe3  to  3 2 
and  34,  the  addition  of  tertiary  phosphines   to  other  dimeric  amide 
complexes   resulted   in   reductive   elimination.      Roundhill  reported   the 
addition  of  two  equivalents  of  PEt3   to  I  induced  reductive 
elimination  to  generate  NH3  and  Pt(PEt3)2.^^8 

1/2  [PtH(n-NH2)PEt3]2    +    PEt3  ^Pt(PEt3)2    +      NH3        (3.34) 

I 

Thermolysis    Reactions 

The   synthesis  of  compounds   32  and  34   was  indicative  of  the 
unprecedented    thermal    stability    of   the    monomeric    amide   complexes 
15  and  23.     Although  the  Pd-N  bond  in  these  complexes  is  very 
robust,  the  thermal  stability  of  these  complexes  is  of  importance  with 
respect  to  developing   homogeneous  catalyst.      One   attractive   feature 
of  the  palladium(II)  complexes  presented  in   this  report  is  that  they 
have  the  potential  to  facilitate  carbon-nitrogen   bond  formation.     The 
product  from  the  reductive  elimination   of  these  complexes  will 
generate   organic   compounds   with   new   carbon-nitrogen   bonds.      In 
order  to  understand  the  thermal  stability  of  the  Pd-N  bond  of  these 
complexes,   thermolyis   studies   were  performed   on   selected 
monomeric    amide   complexes. 
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When  a  solution  of  15  was  warmed  to  90  °C  for  12  hours  in 
d  8 -toluene,   reductive   elimination   was   not   observed.      Although   there 
was  evidence  for  the  formation  of  a  small  amount  of  32  in  the  ^H 
NMR  spectrum,  there  was  no  evidence  of  diphenylamine  at  110  °C. 
In  a  similar  experiment,  thermolysis  of  23  at  110  °C  in  dg-toluene 
for  12  hours  afforded  the  dimeric  complex  34  and  23,  with  no 
indication  N-methylaniline  formation.     In  another  NMR  tube  '-  ' 

experiment,   thermolysis   of  34  at  80  °C  in  dg-toluene  for  24  hours 
also  did  not  result  in  reductive  elimination. 

Although    compounds    15  and  23    were   resistant   toward 
reductive   elimination,   thermolysis    of   9  in  dg-toluene  for  48  hours  at 
85   °C  generated  the  organic  compound  35    in   essentially  quantitative 
yield  (eq.  3.35).     The  presence  of  two  singlets  at  11.64  and  8.05  ppm 
for  the  N-H  and  C(H)=N  resonances  in  the  Ir  NMR  spectrum  was 
consistent  with  35.    The^lpflH)   NMR  spectrum  also  revealed  the 

/>— Pd'— NHPh    ^^-^ />— NHPh  +   Pd^     (3.35) 

\=/     y  48  h  \==/ 

MejP  -I-  Pd(PMe3)4 

9  3  5 

formation   of  Pd(PMe3)4,   which   was   generated   by   disproportionation 
of   Pd(PMe3)2  to  Pd(PMe3)4  and  palladium  metal.     In  order  to 
elucidate  what   intermediates   if  any   were   responsible   for  reductive 
elimination,    variable   temperature   experiments   were    performed.      The 
1h  NMR  spectrum  of  9  after  thermolysis  for  26  hours  at  70  °C  in 
C6D6  revealed  that  35  was  not  produced.    The  31p{lH)    NMR 
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spectrum  consisted  of  three   singlets   at  -17.32,   -18.11,   and  -19.20 
ppm,  a  broad  singlet  at  -16.84  ppm  for  9,  and  a  broad  singlet  at 
-33.66  ppm  for  Pd(PMe3)4.    Although  35  was  not  observed  by  NMR 
spectroscopy,  we  were  unable  to  account  for  the  formation  of 
Pd(PMe3)4  in  solution.    As  the  solution  was  warmed  to  80  °C  for  an 
additional  24  hours,  the  formation  of  35  was  observed  by  ^H   NMR 
spectroscopy.     The  31p{iH}   NMR  spectrum  also  revealed  an  increase 
in   concentration   of  Pd(PMe3)4  relative  to  the  three  singlets  between 
-17.3   and   -19.2  ppm. 

The    variable   temperature    experiments    suggest   that   the   three 
singlets  in  the  31p{lH}   NMR  spectrum  may  be  attributable  to 
reductive  elimination  products   and   the  formation  of  35.    The 
tendency   of  late-transition-metal    amide   complexes    to   dimerize 
suggested   that  these   intermediates   may   be   dimeric   amide   complexes. 
In  order  to  confirm  that  the  three  singlets  in  the  3 1  p  { 1 H }    NMR 
spectrum  are  dimeric   amide   complexes,   attempts   to  prepare   the 
dimeric  amide  complex  of  9   were  undertaken.     Although  we  were 
unable  to  prepare  and  isolate  33  by  the  thermolysis  of  10, 
thermolysis  of  9  at  85  °C  for  21   hours  under  reduced  pressure 
converted   9  to  a  brown  oil.    Although  the  ^H  NMR  spectrum  of  the  oil 
was  complicated,  the  31p{lH)   NMR  spectrum  revealed  the  presence 
of  seven  to  eight  singlets  between  -10  and  -14  ppm.     The  31p{lH} 
NMR  spectrum  was  similar  to  33,  which  suggested  that  the  dimeric 
amide  complex  36  was  generated.    In  the  31p{lH}   NMR  spectrum  of 
36,  there  was  no  indication  for  the  three  singlets  between   -17  and 
-19  ppm.     Compound  36  was  also  prepared  by  the  addition  of  KNHPh 
to  /ra/i5-(PMe3)Pd(C6H4C(H)=NPri)I  (37)  in  THF  at  -60  °C  (eq.  3.36). 


122 


Me  3?. 


Ph    H 
36 


KNHPh 


36 


(3.36) 


PMe. 


37 


Orange   microcrystals   were   isolated   upon   recrystallization   from 
diethyl  ether  at  0  °C.    The  31p{lH}  NMR  spectrum  of  these  crystals  in 
C6D6  was  also  consistent  with  36.     Thermolysis  of  36  in  dg-toluene 
at   115   °C  for  13  hours  resulted  in  quantitative  conversion  to  35  as 
determined  by  IR  NMR  (eq.  3.37).    The  31p{lH}  NMR  spectrum 
revealed   the   disappearance   of  the   signals   between   -10  and   -14  ppm 
and  the  presence  of  the  three  singlets  between  -17   and  -19  ppm. 


36 


115  °C 


21   h 


/     ^ 


NPr' 


NHPh     +  PMe3  +    Pd"      (3.37) 


3  5 


We   were   unable   to   define   what   intermediates   were  responsible 
for  the  three  singlets  in  the  31p{lH}   NMR  spectrum.     Although 
thermolysis   of  9  at  70  °C  did  not  produce  35,  a  small  amount  of  free 
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aniline  was  detected  by  ^H  NMR  spectroscopy.     As  the  solution  was 
warmed  to  80  °C,  the  concentration  of  aniline  increased  slightly.     One 
possible  mode  of  formation  of  free  aniline  from  a  late-transition- 
metal  amide  complex  can  be  seen  in  eq.  3.38.     The  amido  group  of  I 


NHR  .CH2 

M  *-  M  +      H2^fR     .  (3.38) 

^PMe3  ^PMe2 

I  II 


can  deprotonate   a  coordinated  PMe3    ligand,  thereby  producing  free 
aniline  and  the  metalated  phosphine  complex  II.     The  tendency  of 
late-transition-metal    amide    complexes    to    generate    metalated 
phosphine  complexes  will  be  discussed  in  greater  detail  in  the 
following  section.     We  believe  that  these  intermediates  are  other 
thermolysis   products   which   are   not   responsible   for   reductive 
elimination. 

A  possible  mechanism  that  accounts  for  the  formation  of  35 
can  be  found  in  Figure  3.15.     Thermolysis  of  9  results  in  loss  of  PMe3 
and  generation  of  the  dimeric  amide  complex  36.     The  imine 
functionality  can  then  behave  as  a  ligand,  and  generate  the 
monomeric  amide  complex  I.     With  the  two  organic  groups  in  the  cis 
position,   intermediate   I   then   undergoes   reductive   elimination   to 
generate  35.     Thermolysis  of  [(PMe3)Pd(Ph)(n-NHPh)]2(32)  in  dg- 
toluene  at  115  °C  for  24  hours  only  resulted  in  the  formation  of  a 
small  amount  of  aniline,  with  no  evidence  for  the  formation  of 
diphenylamine.      Although   this  data  was   consistent  with   the 
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mechanism  in   Figure   3.15    and   suggests   that  intramolecular 
performed  in   order  to  clarify  the  mechanism  of  the  reductive 
elimination  of  9. 


2  /     \ — Pd  —  NHPh 
MegP 


-2  PMej 


36 


u 

NPr'^PMeg 
NHPh 



^_ 

35 


Figure  3.15.  Proposed  mechanism  for  the  formation  of  35. 


Synthesis  and  Reactivity  of  c/5-(PMe3^')7Pd(CH3^KNHPh) 


The  observed   stereochemistry   about  the  metal   center  for  all 
the  monomeric   amide  complexes   reported   in   the  previous   sections 
was  trans.     Indeed,  the  majority  of  amide  complexes  of  the  Ni  triad 
consists   of  trans   stereochemistry.30a,32,35g     All  the  monomeric 
palladium(II)   amide  complexes  with  the  exception   of  23   were 
prepared  by  the  addition  of  a  slight  excess  of  amide  reagent  to 
cationic  and  neutral  palladium(ll)  complexes.     In  eq.  3.13,  the 
addition  of  a  slight  deficiency  of  KNHPh  to  22  afforded  23,  the  trans 
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amide  complex  as  yellow  crystals;  however  when  a  slight  excess  of 
KNHPh  was  allowed  to  react  with  22,  the  trans  amide  complex  23 
was  not  isolated.     A  typical  experiment  involved  the  addition  of  1.5 
equivalents  of  KNHPh  to  a  cold  solution  (0  °C)  of  22  in  THF.    Upon 
addition  of  KNHPh,  the  solution  color  was  bright  yellow,  which  was 
consistent  with  the  preparation  of  23.     Once  all  the  amide  reagent 
was  added,   the  solution  color  immediately  changed  to  off-white  (eq. 
3.39).     The  solution  was  allowed  to  stir  for  approximately  15  minutes 
at  0  °C,  at  which  time  a  fine  precipitate  had  formed.     Solvent  was 
removed    under   reduced    pressure,    and    the   remaining    yellow-brown 
residue  was  extracted  with  diethyl  ether.     The  deep  orange  solution 
was  filtered,   and   solvent  was  removed   under  reduced   pressure  to 
yield  a  deep  orange  oil.     Washing  the  oil  with  hexane  at  room 
temperature   converted   the   oil   to   an   orange-brown   powder. 


PMe. 


CHi 


Me 


Pd- 
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22 


NHPh 


CH3 Pd- 

Me3P 

PMe3 
—NHPh 

23) 

'ellow 

(3.39) 
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38  white 


NHPh 


The  1h  NMR  spectrum  of  the  powder  in  C6D6  can  be  found  in 
Figure  3.16.     The  spectrum  was  consistent  with  cis- 
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(PMe3)2Pcl(CH3)(NHPh)(38),  with  a  broad  singlet  at  2.12  ppm  for  the 
N-H  resonance,  doublets  at  0.78  and   1.06  ppm  for  the  methyl  protons 
of  the  inequivalent  PMe3  ligands,  and  a  doublet  at  0.15  ppm  for  the 
methyl  group  on  palladium.    The  31p{lH}   NMR  spectrum  was  also 
consistent  with   38,  with  a  pair  of  doublets  at  -14.42  ppm 
(J  =  10.9  Hz)  and  22.23  ppm  (J  =  11.0  Hz)  for  the  inequivalent  PMe3 
groups.    The  13c{1h)  NMR  spectrum  revealed  a  doublet  of  doublets 
at  5.0  ppm  for  Pd-CH3  as  well  as  a  doublet  at  14.2  ppm  and  a 
doublet  of  doublets  at  14.4  ppm  for  the  PMe3    ligands. 

The   amount  of  amide  reagent  present  in   solution  determines 
the  stereochemistry  about  the  metal  center.     The  color  change  from 
yellow  to  off-white  upon  the  addition  of  excess  KNHPh  to  22    suggests 
that  the  trans  amide  complex  23   was  generated  first,  then  the  excess 
amide  reagent  behaves   as   a  ligand   and   promotes   trans-cis 
isomerization  to  afford  the  cis  isomer  38.     Yamamoto  et  al. 
demonstrated   that  the  addition   of  methyllithium  to  trans- 
Pd(PMe3)2(CH3)2  resulted  in   trans-cis   isomerization  and  generation 
of  cj\s-Pd(PMe3)2(CH3)2.^^    The  isomerization  involves  an  associative 
process,   with   the  formation  of  a  trigonal   bipyramidal  intermediate. 
Although  an  association  process  appears  to  be  responsible  for  the 
isomerization  of  23,  the  addition  of  PMe3,  aniline,  and  KNHPh  to  a 
solution  of  23  in  dg-THF  does  not  generate  38.     Further  studies  are 
required  in  order  to  clarify  the  mechanism  for  the  trans-cis 
isomerization   of  23. 

With  the  methyl  and  amido  group  in  the  cis  position,  the 
formation   of  N-methylaniline   might  be   expected   from   thermally 
induced  reductive  elimination  of  38.    When  a  solution  of  38  in  C6D6 
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was  allowed  to  stand  at  room  temperature  for  several  days,  no  N- 
methylaniline  was  observed  by   ^H  NMR   spectroscopy,   however  the 
spectrum  of  the  solution  does  indicate  that  38   was  slowly  being 
converted  to  a  new  complex.    The  ^H  NMR  spectrum  in  Figure  3.17 
revealed  the  presence  of  free  aniline,  with  a  decrease  in  intensity  of 
the  N-H  signal  of  38  at  2.12  ppm.     A  small  doublet  of  doublets  at 
-0.61   ppm  with  the  same  integration  as  the  N-H  peak  of  free  aniline 
was  also  present.    The  31p{lH}   NMR  spectrum  of  the  mixture  at  room 
temperature  revealed  two  new  doublets  at  15.2  ppm  (J  =   12.1   Hz) 
and  -16.3  ppm  (J  =  12.4  Hz),  which  is  consistent  with  a  new  cis  bis 
PR 3  complex.     From  this  NMR  data,  we  propose  that  compound  38  is 
converted   to  the  metalated  phosphine   complex  39  (eq.  3.40). 
The  doublet  of  doublets  at  -0.61   ppm  was  assigned  to  the  methylene 
protons  of  39.     A  number  of  metalated  PMe3  complexes  of  the  Fe,  Co, 

NHPh  CH  2 

/  /  \ 

Me Pd PMe,      *-       Me Pd PMez  +  H^NPh      (3.40) 

/  / 

MejP  McjP 

38  39 

and  Ni  triad  have   been   prepared, 88  and   their  significance  to  M-N 
bond  formation  will  be  discussed   shortly. 

When  a  solution  of  38  and  39  was  warmed  to  90  °C  for  one 
hour  in  C6D6  in  a  sealed  NMR  tube,  38   was  almost  completely 
converted  to  39  (Figure  3.18).     However,  when  the  solution  was 
cooled  to  room  temperature  after  several   hours,  38   was  the  major 
product.     It  appears  that  38  and  39   are  in  equilibrium  in  eq.  3.40. 
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Although  an  equilibrium  of  this  nature  has  not  been  observed  for 
late-transition-metal   amide   complexes,   it   has    been    postulated   that 
metalated   phosphine   complexes   are   intermediates    in   the   formation 
of  M-N  bonds.39c     if  this  equilibrium  can  be  measured 
quantitatively,   then  valuable  information   such   as   Pd-N   bond 
strengths  can  be  obtained.     To  date,  there  is  only  one  report  that 
documents   the   M-N   bond   strengths   of   late-transition-metal   amide     j_ 
complexes, 37   therefore  any  information  regarding   this  matter  is  of 
considerable    interest. 

Attempts   to   measure   the   equilibrium   constant   between   38  and 
39   at  elevated  temperatures  (30  to  80  °C)   only  provided  inconsistent 
data.     One  possible  explanation  for  this  can  be  found  in  Figure  3.19. 
The  1h  NMR  spectrum  of  38  at  25  °C  revealed  a  doublet  of  doublets 
at  0.60  ppm.     When  38  was  warmed  to  80  °C  in  dg -toluene,    the 
intensity  of  the  doublet  of  doublets  at  0.60  ppm  decreased,  and  a 
new  doublet  of  doublets  appeared  at  0.0  ppm.     Once  the  solution  was 
cooled  to  room   temperature,   the  doublet  of  doublets  disappeared, 
and  the  doublet  of  doublets  at  0.60  ppm  reappeared.     We  were 
unable  to  assign  a  structure  to  this  compound,  however  it  is  in 
equilibrium  with  another  species   in   solution.      Attempts   to   separate 
this  unknown   compound   from  38   by  recrystallization   from  diethyl 
ether   proved    unsuccessful. 

The   cyclometalated   PMe3  complex  39  is  significant  because  if 
this  compound  can   be  isloated,   then   the  equilibrium  between  38  and 
39  in  eq.  3.41  can  be  established  by  the  addition  of  aniline  to  39. 

3  9        +        H2NPh  ;      3  8  (3.41) 
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Figure  3.19.  The  iH  NMR  spectrum  of  38  at  (a)  25  "C  and  (b)  80  °C. 
in  dg-toluene. 
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Recently,  it  was  demonstrated  that  the  addition  of  alcohols  to 
cyclometalated    PMe3    complexes   of  ruthenium  generated   new 
ruthenium    alkoxide    and    hydroxide   complexes. 89     The  addition  of 
amines   to   cyclometalated   phosphine   complexes   of  late-transition 
metals  has  attracted  little  attention  due  to  the  low  acidity  of  amines 
compared  to  alcohols.     Upon  examination  of  eq.  3.40,  the  removal  of 
free  aniline  from  solution  should  drive  the  reaction  to  the  right, 
therefore   increasing    the    concentration   39.     The  addition  of  the 
aniline   scavenger   ZnCl2(dioxane)2  to  a  solution  of  38  in  diethyl  ether 
afforded  a  fine  precipitate  after  vigorous   stirring   at  room 
temperature  for  24  hours.      The  orange  solution  was  filtered  and 
cooled  to  0°C,  at  which  time  yellow  microcrystals  had  developed.     The 
iR  and  31p{lH}  NMR  spectrum  revealed  the  presence  of  at  least  two 
products,  with  no  indication  for  the  formation  of  39.    It  is  possible 
that  39   was  generated  initially;   however  it  may  then  react  with 
ZnCl2  to  produce  other  complexes. 

There  are  a  number  of  ways  to  generate  cyclometalated  PMe3 
compIexes;88   however  there  are  two  methods  that  are  used  most 
frequently.      Deprotonation   of  coordinated  phosphine  ligands   by  the 
addition  of  strong  bases  is  a  convenient  way  to  prepare  metalated 
phosphine    complexes. 90     An  example  of  a  deprotonation  reaction  can 
be  seen  in  eq.  3.42.     The  addition  of  lithium  /er/-butylamide   to   I 
resulted  in  the  formation  of  II  and  /err-butylamine.37     Attempts  to 
prepare    compound    39   by  the  addition  of  strong  bases  such  as 
KN(SiMe3)2.  NaNC(CH3)3,  and  LiC(CH3)3  to  rran.s-(PMe3)2Pd(CH3)I 
(22)   only  resulted   in   the   formation  of  intractable  products. 
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Cp*(PMe3)2RuCl    +    LiNHC(CH3)3 
I 


(3.42) 


Cp*(PMe3)Ru PMe2  +   NH2C(CH3)3 

CH2 
II 


Another   method   for   the   preparation   of  metalated   phosphine 
complexes  can  be  seen  in  eq.  3.43.    The  addition  of  LiCH2PMe2  to 
transition-metal   halide   complexes   generated   I,   II,   and   III.^l     The 
reagent    LiCH2PMe2  was  prepared  by  the  addition  of  a  slight  excess 
of  PMe3  to  a  solution  of  ferr-butyllithium  in   pentane,   followed   by 
vigorous   stirring  at  room  temperature  for  four  to  five  days. 
Although    LiCH2PMe2  is  highly  moisture  sensitive,  it  can  be  stored 
under   an   inert   atmosphere   at   room   temperature. 


L3Coa        +        LiCH2PMe2 


CH, 


UCo' 


PMe- 


L2NiCl2       +      LiCH2PMe2 


L4(Me)FeBr    +    LiCH2PMe2 
L  =  PMe3 


LoNi. 


CH2 


PMe- 


II 


Me 
L\|        CH2 

L^  I  \ 


L 
III 


PMe- 


(3.43) 


When  equimolar  amounts  of  LiCH2PMe2  and  22  were 
dissolved  in  cold  (-80  °C)  THF,  the  formaton  of  a  precipitate  occurred 
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when  the  solution  was  warmed  to  0°C.     After  stirring  for  30  minutes 
at  0°C,  the  pale  yellow  solution  was  filtered  and  solvent  removed 
under  reduced  pressure.     The  oily  residue  was  then  washed  with 
pentane,  affording  a  white  powder.     The  31p{lH}   NMR  spectrum  of 
the  powder  in  C6D6  revealed  a  doublet  of  doublets  at  -14.03  and 
-19.97  ppm,  which  is  consistent  with  a  AA'BB'  spin  system.     Instead 
of  generating   compound   39,  the  metalated  phosphine  dimer  40  was 
produced  (eq.  3.44).     The  1h  NMR  spectrum  of  the  powder  can  be 


Me2  /CH3 

2   CH3 Pd" 1    +   2LiCH2PMe2  ^      /^'^V  ^P^  (3.44) 

MesP 

22  40 


found  in  Figure  3.20.     A  doublet  of  doublets  at  0.59  ppm  for  the 
Pd-CH3  protons,  doublets  at  0.88  and  1.38  ppm  for  the  protons  of 
PMe3  and  PMe2  respectively,  and  a  doublet  of  doublet  of  doublets 
for  the  methylene  protons  was  consistent  with  40.     Compound  40  is 
air  and  moisture  sensitive;  however  it  can  be  stored  under  an 
atmosphere  of  nitrogen.     Although  thermally  stable  in  the  solid  state, 
40  is  unstable  in  solution  (C6D6)  at  23  °C,  and  decomposes  to 
multiple  products  based  on  31p{lH}    NMR   spectroscopy. 

A  crystal  of  X-ray  quality  was  grown  from  diethyl  ether  at 
0  °C.     The  thermal  ellipsoid  drawing  of  40  is  found  in  Figure  3.21, 
with  selected  bond  lengths  and  angles  in  Table  3.5.     The  structure  of 
40  revealed  that  the  six-member  ring  is  puckered  at  C2  and  C2a. 
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The  structure  of  [Rh(n-CH2PMe2)(PMe3)2]2  reported  by  Andersen  et 
al.  revealed  that  the  metallacycle  was  in  the  chair  conformation, 
however  no   other  crystallographic   data  was   reported. 90a     Although 
there  are  a  number  of  dimeric  metalated  PMe3   complexes  of  the 
transition    series, 92  no  other  structures  have  been  solved.     The 
structure  of  [Me2AlCH2PMe2]2  also  revealed  that  the  metallacycle 
was  in  the  chair  conformation. 93    The  Pl-C2a  bond  distance  of  40  is 
1.789(8)  A,  which  is  shorter  than  the  P1-C3  and  P1-C4  bond 
distances  of  1.826(10)  and   1.843(10)  A  respectively.     These  bond 


Table  3.5.    Selected  bond  lengths  (A)  and  angles  (°)  for  40, 


Pd-P(l) 

2.321(2) 

P(l)-Pd-P(2) 

99.39(9) 

Pd-P(2) 

2.300(3) 

P(l)-Pd-C(l) 

175.0(2) 

Pd-C(l) 

2.332(7) 

P(2)-Pd-C(l) 

85.5(2) 

Pd-C(2) 

2.108(8) 

P(2)-Pd-C(2) 

172.5(2) 

C(2a)-Pl 

1.789(8) 

C(l)-Pd-C(2) 

87.1(3) 

C(3)-P(l) 

1.826(10) 

C(2)-Pd-P(l) 

88.0(2) 

C(4)-P(l) 

1.843(10) 

C(2a)-Pd-C(3) 

104.1(4) 

C(2a)-Pd-C(4) 

101.4(4) 

C(2a)-P(l)-Pd 

118.0(3) 

C(3)-P(l)-C(4) 

103.2(4) 

C(3)-P(l)-Pd 

111.8(3) 

C(4)-P(l)-Pd 

116.5(3) 

lengths  are  similar  to  the  corresponding  P-C  bond  distances  of 
[Me2AlCH2PMe2]2.  The  difference  in  P-C  bond  lengths  may  be 
attributed   to  the   slight  double-bond  character  of  the  Pl-C2a  bond. 
There  are  a  number  of  examples  in  which  the  complexation  of 
phosphorous   ylides    with    main-group   elements    and   transition    metals 
resulted  in   shorter  P-CH2  bonds  as  compared  to  the  other  P-C 
bonds. 94 
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Pd  ^Pd 


■C 


The  importance  of  metalated  PMe3   complexes  with  regard  to  to 
M-N  bond  formation  was   presented.    The  formation  of  a  new  Pd-N 
bond  by  the  addition  of  a  N-H  bond  across  a  Pd-C  bond  is  an 
attractive  process,  and  may  lead  to  the  development  of  a  catalytic 
cycle  similar  to  the  one  in  Figure  1.5.     Although  this  project  is  still  in 
its   infancy,   metalated   PMe3   complexes  may  provide  another  route  to 
monomeric    palladium(II)    amide    complexes. 

Conclusions 

The   preparation    of   thermally    stable   monomeric   palladium(II) 
amide  complexes  was  investigated   in  order  to  distinguish   what 
factors  influence  their  stability.     The  addition  of  amide  reagents  to 
neutral   and   cationic   palladium(II)   complexes   provided   a   convenient 
route  to  monomeric  amide  complexes.     The  highest  yields  were 
obtained  when  the  iodide  ion  or  PMe3   was  the  leaving  group  of 
neutral  and  cationic  palladium(II)   complexes   respectively.      The 
nature  of  the  amide  reagent  also  determined  the  extent  of  amide 
formation.     Groups  that  can  stabilize  the  lone-pair  electrons  on 
nitrogen   afforded   thermally    stable   palladium(II)    amide   complexes. 
The  short  C-N  bond  of  compound  15   confirmed  that  the  lone-pair 
electrons  on  nitrogen  were  stabilized  by  the  phenyl  ring,  and 
possibly   accounts   for   the   limited   number  of  well-characterized 
mono-    and   dialkyl   late-transition-metal    amide   complexes. 
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The  influence  of  different  substituents   on  the  metal  center  was 
also  investigated  in  order  to  determine  what  effect  they  have  on  the 
overall  stability  of  palladium(II)  amide  complexes.     The  majority  of 
monomelic   amide  complexes  reported  in   this   dissertation   have   a 
phenyl  group  trans  to  the  amide  moiety.     Substitution  about  the 
phenyl   ring   with   electron-withdrawing   and    -donating    groups   did   not 
influence  the  stability  of  the  monomeric  amide  complexes.     Other  sp2 
carbon  centers  such  as  a  vinyl  group  stabilized  the  amide  complex 
toward  reductive  elimination.      The  isolation  of  23   suggested  that  the 
presence  of  an  alkyl  group  trans  to  the  amide  moiety  also  generates 
stable  monomeric  amide  complexes.     If  there  are  no  ^-interactions 
between  the  metal  center  and  the  group  attached  to  the  metal  by  a 
a-bond,  then  electrostatic   forces   may  be  responsible  for  the  observed 
stability.     The  hydride  ion  is  a  better  a -donor  than   the  methyl  or 
phenyl    groups,    therefore    hydridoamido   complexes    of   palladium(II) 
are  expected  to  exhibit  even  lesser  stability.     Indeed,  the 
hydridoanilido   palladium(II)   complexes   reported    by   Trogler   are 
thermally  unstable  at  room   temperature,   and   decompose   to   yield 
aniline   and   palladium(O)    species. 

Although   there   is   a   strong   tendency   for   late-transition-metal 
amide  complexes   to  dimerize,    the   monomeric   palladium(II)   amide 
complexes  reported  in  this  dissertation  do  not  dimerize  in  the  solid 
or  solution   state  at  room   temperature.      Stable  dimeric   palladium(II) 
amide  complexes  can  only  be  prepared  by  thermolysis  of  the 
monomeric   amide  complex   in   the   solid   state   under  reduced  pressure. 
The  vigorous  reaction   conditions  required   to   generate   the   dimeric 
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amide  complexes  are  indicative  of  the  thermal  stability  of  the 
monomeric    amide   complexes. 

Thermolysis  of  selected  monomeric   amide  complexes  in  the 
solution   state   was   also  investigated   in   order  to   understand   further 
the  stability  of  the  Pd-N  bond.     While  the  thermolysis  of  15  and  23 
did    not    generate   diphenylamine    and    N-methylaniline    respectively, 
the  amide  complex  9    undergoes  reductive   elimination  to  generate  35 
in  essentially  quantative  yield.     The  imine  functionality  of  9  is  in 
some  way   assisting  in  reductive  elimination.      Indeed,  thermolysis  of 
the  dimeric   amide  complex  36   readily   generates   the  organic  product 
35,  while  thermolysis  of  32   at  higher  temperatures  did  not  result  in 
the  formation  of  diphenylamine.     In  the  absence  of  free  ligand,  the 
imine  functionality   may  coordinate  to  the   metal  center,   and  generate 
a  monomeric   amide  complex  which   then   undergoes  reductive 
elimination. 

All  monomeric   amide  complexes   reported  in  this  dissertation 
possess   trans   stereochemistry  with   the   exception   of  compound  38. 
The  addition  of  excess  KNHPh  to  f/-a«5-(PMe3)2Pd(CH3)I(14) 
resulted  in  the  formation  of  c/j-(PMe3)2Pd(CH3)(NHPh)(38).    The 
presence  of  excess  -NHPh  in  solution  may  induce  trans-cis 
isomerization   about  the  metal  center;   however  it  is   unclear  what 
mechanism  was  responsible  for  the  isomerization   process.      Compound 
38   does  not  undergo  reductive  elimination   to  generate  N- 
methylaniline   at  higher  temperatures,   but   is   in   equilibrium   with   the 
metalated   phosphine   complex    39.     Attempts  to  obtain  any 
equilibrium   data   between    38  and  39    were   unsuccessful  due  to  the 
presence  of  other  unidentified  species  in  solution.     Although  the 
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compound    39   was  never  isolated,  the  metalated  phosphine  dimer  4  0 
was  prepared  by  the  addition  of  LiCH2PMe2  to  14.     Single  crystal 
diffraction   studies  of  40   revealed  slight  ylide  character  of  the 
-CH2PMe2  group. 


CHAPTER  4 
REACTIVITY  OF  PALLADIUM(II)  AMIDE  COMPLEXES 


The   preparation   and   characterization   of  stable   monomeric 
palladium(II)   amide  complexes   discussed   in   Chapter  3   permitted  us 
to   investigate   the   insertion   chemistry    of  the   palladium-nitrogen 
bond.     As  outlined  in  Figure   1.5,  insertion  of  an  unsaturated  organic 
molecule  into  the  M-N  bond  results  in  the  formation  of  a  new 
carbon-nitrogen  bond.     The  potential  of  the  M-N  bond  of  late- 
transition-metal    amide   complexes    to    facilitate   carbon-nitrogen    bond 
formation  is   of  considerable  interest  in   organic  chemistry. 

The   spectroscopic  and   crystallographic   data  for  the  monomeric 
amide  complexes  reported  in  Chapter  3  enabled  us  to  predict  the 
reactivty  of  the  amido  group,  as  well  as  to  provide  mechanistic 
information  for  the  observed  reactivity.     In  the  following  sections,  a 
discussion  of  the  reactivity  of  palladium(II)  amide  complexes  with 
unsaturated  organic  molecules  will  be  presented.     In  the  final  section 
of  Chapter  4,  examples   that  demonstrate  the  ability   of  palladium(II) 
amide  complexes  to  generate   new  carbon-nitrogen   bonds   in   the 
synthesis  of  novel  organic  molecules  will  be  presented. 
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Reactivity  of  Palladium(II)   Amide  Complexes 
with    Electrophilic    Substrates 


In  Chapter  3,  the  crystal  structure  of  trans- 
(PMe3)2Pd(Ph)(NHPh)(15)  revealed  that  the  lone-pair  electrons  on 
nitrogen  was  not  interacting  with  the  metal  center.     The  presence  of 
the  phenyl  ring  on  the  amido  nitrogen  was  required  to  accommodate 
the  lone-pair  of  electrons   on   nitrogen   through  resonance 
stabilization.     Although  there  was   significant  stabilization  by  the 
phenyl   ring,    the   lone-pair  electrons   ultimately   dictates   the   reactivity 
of  the  Pd-N  bond.     Assuming  the  lone-pair  electrons  will  behave  as  a 
nucleophile,    we   investigated   the   reactivity   of  palladium(II)   amide 
complexes    with   electrophilic    substrates. 

In  an  NMR  tube  experiment,  excess  methyl  iodide  was  added  to 
a  solution  of  rran5-(PMe3)2Pd(C6H4C(H)=NPri)(NHPh)(9)  in  C6D6  at 
room  temperature,  and  the  reaction  was  monitored  by   ^H   NMR 
spectroscopy.      After   12   hours   at  room   temperature,   quantitative 
conversion  of  9  to  N-methylaniline  and  trans- 

(PMe3)2Pd(C6H4C(H)=NPri)I  (41)  was  observed  (eq.  4.1).     Compound 
41   was  independently  prepared  by  the  addition  of  excess  PMe3  to 


^\_Pd^:^NHPh  +   CH3I    ^  ^~~S Pdt-i    +    NH(CH3)Ph       (4.1) 

MeaP  Me  3? 

9  41 


the  dimeric  complex  [Pd(C6H4C(H)=NPri)I]2,  and  confirms  the 
formulation   of  41  in  eq.  4.1. 
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The  reaction  in  eq.  4,1  prompted  us  to  examine  the  reactivity 
of  the  amido  group  with  other  electrophiles.     For  simplicity,  the 
reaction   chemistry   of  fra«,s-(PMe3)2Pd(Ph)(NHPh)(15)  was 
investigated.     A  suspension  of  15   in  pentane  reacts   immediately  with 
carbon  dioxide  (1    atm)   at  room  temperature  to  afford  a  white 
precipitate.      Isolation  of  the  precipitate  by  filtration  affords  the 
phenyl  carbamate  complex  42  in  82%  yield  (eq.  4.2).    The  1h  NMR 
spectrum  of  42  in  C6D6  can  be  found  in  Figure  4.1.     The  spectrum 


PMej  PMea 

Ph Pd NHPh  +    CO2    ^    Ph Pd^ — O  (4.2) 

^  ^  V-NHPh 

MejP  MejP  (J 

15  42 


reveals  the  loss  of  the  N-H  singlet  of  15  and  the  appearance  of  a  new 
singlet  at  8.51  ppm  which  was  assigned  to  the  N-H  of  the  carbamate. 
The  IR  spectrum  reveals  a  sharp  absorption  at  1630  cm-1  for  the  C=0 
bond  stretch,  while  a  resonance  in  the  13c{1h}   NMR  spectrum  in 
CDCI3  at  158.8  ppm  was  assigned  to  the  carbonyl  carbon.     Both  of 
these  values   are   similar   to  other  phenyl   carbamate   complexes 
formed  by  the  insertion  of  carbon  dioxide  into  the  M-N  bond  of  late- 
transition-metal    amide    complexes. 29b, 32b, 35e,f,36, 39c 

The  reaction  of  15   with  maleic  anhydride  in  pentane  at  room 
temperature  results   in   the   immediate   formation   of  a   beige 
precipitate.     The  ^H  NMR  of  this  solid  in  C6D6  reveals  a  broad  singlet 
at  14.06  ppm  and  two  singlets  at  6.34  and  6.36  ppm  for  the  alkene 
protons,  which  appear  as  an  AB  quartet  in  d8 -toluene.     In  the 
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13c{1H}  NMR  spectrum,  there  are  two  singlets  at  170.8  and  163.3 
ppm  for  the  carbonyl  carbons  and  a  triplet  at  135.9  ppm  (Jp.c=5   Hz) 
for  the  a-alkene  carbon.     This  compound  was  also  characterized  by 
its  IR  spectrum  ('On-h=  2731  cm'l, -000=1671   cm-l,'Uco=  1621  cm-1, 
■^0=0=  1589  cm-1).     This  spectroscopic  data  suggests  that  the  addition 
of  maleic  anhydride  to  15  can  be  one  of  two  products  (eq.  4.3). 


PMes 

Ph Pd^ — O^  ^O  * 

^  N^     NHPh 

MesP  l^^ 

Ph_Pd^!:lNHPh    .^^^  4  3  (4.3) 

MeaP  ^"--..^  PMe3 

Ph        Pd^_N         O  ^ 
Mea?  pI,  k^Q 

44 


Both  products  are  the  result  of  the  ring-opening  of  maleic  anhydride 
induced  by  nucleophilic  attack  of  the  amide  group  on  the  carbonyl 
carbon.     The  insertion  of  maleic  anhydride  into  the  Pd-N  bond 
generates    43,  while  addition  of  the  N-H  bond  of  15  affords  44.    In 
order  to  elucidate   which  compound   was   present,   labeling 
experiments    were    conducted. 

The  addition  of  maleic  anhydride  to  a  solution  of  15 -^^N  in 
CDCI3  was  monitored  by  NMR  spectroscopy.    The  Ir  NMR  of  this 
reaction  can  be  found  in  Figure  4.2.     The  spectrum  reveals  a  doublet 
at  14.1  ppm  (Jn-h=  70  Hz),  which  demonstrates  there  was  retention  of 
the  i^N-H  coupling.     Compound  43  is  consistent  with  this  finding. 
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with  the  net  result  of  insertion  of  maleic  anhydride  into  the  Pd-N 
bond.     The  reactivity  of  15   with  maleic  anhydride  was  also  similar  to 
the  reactivity  of  Ir(III)  and  Re(I)  alkoxide  complexes  with  maleic 
anhydride,   with   observed   insertion  into   the   Ir-036   and 
Re-095  bonds. 

The  reactivity  of  15   with  ketenes  was  investigated.     When  15 
was  allowed  to  react  with  diphenyl  ketene  in  pentane,  the  N-H 
addition   product  45  was  generated  as  a  white  solid  (eq.  4.4).    The  ^H 


PMe3 
Ph Pd^ — NHPh     +    OCCPh  2 

MejP 

15 


\»^ 


y 


.PMe, 


Ph Pd 

McjP 

45 


N/,.  .o        (4.4) 
CHPhj 


pi;v° 


NMR  spectrum  of  45  reveals  the  appearance  of  a  new  broad  singlet 
at  6.06  ppm.    The  ^H  NMR  spectrum  of  45-15N  reveals  that  there 
was  loss  of  the  ^^n-h  coupling  and  that  the  singlet  at  6.06  ppm  was 
the  C-H  proton  of  45.     A  C=0  stretching  absorption  at  1598  cm'l   was 
also  observed  as  well  as  a  resonance  in  the  13c|1h}  NMR  spectrum  of 
45  at  174.1   ppm  which  was  assigned  to  the  carbonyl  carbon  and  a 
singlet  at  62.8  ppm  for  the  a-keto   carbon.      The   trans   stereochemistry 
at  the  metal  center  was  preserved  as  is  consistent  with  the  presence 
of  a  singlet  at  -18.4  ppm  in  the  31p{lH}   NMR  spectrum.     The 
formation  of  45  can  be  explained  by  the  addition  of  the  N-H  bond  of 
15   across  the  carbon-carbon  double  bond  of  diphenyl  ketene.     In  this 
reaction,    compound    15  reacts  with  diphenyl  ketene  in  a  fashion 
similar  to  a  2°  amine.^^     The  spectral  properties  of  compound  45  are 
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nearly  identical  to  an  analogous  Ni  complex  that  has  been 
characterized   by   X-ray   diffraction    techniques.* 

Compound    15   also  exhibits  reactivity  with  a  variety  of  alkyl 
and  aryl  isocyanates.     The  addition  of  one  equivalent  of  tert-butyl 
isocyanate  to  a  solution  of  15   in  pentane  results  in  the  immediate 
formation  of  a  white  precipitate.     Loss  of  the  N-H  signal  of  15  was 
observed  in  ^H  NMR  spectrum,  with  the  appearance  of  a  new  singlet 
at  5.44  ppm.     In  order  to  verify  whether  the  insertion  product  46  or 
the  addition  product  47    was    generated,   tert-butyl   isocyanate   was 
allowed  to  react  with  15-i5Nin  C6D6.    The  ^H  NMR  spectrum  of  the 
reaction  mixture  reveals  the  same  broad  singlet  at  5.44  ppm  with 
loss  of  15N-H  coupling.     This  observation  was  consistent  with  the 
formation  of  47  by  the  addition  of  the  N-H  bond  across  the  N-C  bond 
of  the  isocyanate  (eq.  4.5).     The  presence  of  a  singlet  at  161.2  ppm  in 
the  13c{1h}  NMR  spectrum  for  the  carbonyl  carbon  and  a  C=0 
stretching   absorption   at    1616   cm-1  was  also  consistent  with  the 
formation  of  47.30a,32b,35f 


.PMe, 


Ph. 


McjP 


PMe, 
Pd NHPh 


tBuNCO 


15 


Ph Pd^_N^^     o 

Me3P  tBu  jl^j^pj^ 

4  6 

PMea 
Ph Pd^— N/,     o 

f    At 


(4.5) 
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NHtBu 


47 


♦Vander  Lende,  D.  D.;  Boncella,  J.  M.  unpublished  results. 
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In  a  procedure  identical  to  that  of  the  reaction  of  15   with  tert- 
butyl   isocyanate,   2,6-diisopropylphenyl   isocyanate   was    allowed   to 
react  with  15   to  generate  the  addition  product  48  (eq.  4.6).     The 
presence  of  a  singlet  at  160.0  ppm  in  the  13c{1h}   NMR  spectrum  for 
the  carbonyl  carbon  as  well  as  a  C=0  stretch  at  1619  cm-1  confirms 
formation  of  the  addition  product  48.30a,32b,35f    Due  to  the 
complicated  phenyl  region,  the  N-H  proton  could  not  be  located  in  the 
1h  NMR  spectrum,  the  but  the  N-H  stretch  was  observed  in  the  IR 
spectrum   (un-h=  3337  cm-1).     Although  the  inability  to  find  the  N-H 
resonance  in  the  ^H  NMR   spectrum  prohibits  unambiguous   ^^N- 
labeling  experiments,  it  is  believed  that  addition  of  the  N-H  bond  of 
15   across  the  N-C  bond  of  the  substrate  generated  48. 


VN^^' 


.PMe^ 


Ph Pd^ NHPh     +      ArNCO      — 

MeaP  Ar=2.6-'Pr2-C6H3 

15 


Ph- 


MejP 


Pd 


.VN** 


PMej 


N/,     o        (4.6) 
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The  addition  of  phenyl  isocyanate  to   15   in  pentane  also 
afforded  a  white  precipitate.     The   ^H  NMR  spectrum  of  this  solid  in 
C6D6  reveals  a  singlet  at  7.86  ppm,  which  we  have  assigned  to  the 
N-H  proton  of  the  carbamate  complex  49  (eq.  4.7).    The  13c{1h}    NMR 
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spectrum  of  49  reveals  a  singlet  at  158.6  ppm,  which  was  consistent 
with  the  carbonyl  carbon  as  well  as  a  C=0  stretching  absorption  at 
1627   cm-1   in  the  IR  spectrum.     All  other  spectroscopic  data  was 
consistent  with  the  formation  of  49. 

Mechanistic   Studies   of  Addition  and  Insertion   Reactions 

It  is   generally  accepted   that  the  reactivity   of  late-transition- 
metal  amide  complexes  involves  nucleophilic  attack  on   the 
electrophilic   substrate  by  the  lone-pair  electrons  on  nitrogen.      While 
there   are   several   examples    of   late-transition-metal    amide   complexes 
exhibiting    similar  reactivity   with    electrophilic    substrates, 
mechanistic  studies  of  these  reactions  is  limited.     By  conducting 
i^N-labeling  experiments   and   monitoring   the  progress   of  the  reaction 
by  NMR  spectroscopy,  mechanistic  information  can  be  obtained. 

The  addition  of  phenyl   isocyanate  to  15  poses  an  interesting 
question.     Does  the  formation  of  49  result  from  N-H  addition  of  15 
across  the  carbon-nitrogen  double  bond  of  phenyl  isocyanate,  or  is  it 
insertion  of  the  isocyanate  into  the  Pd-N  bond?     In  order  to  address 
this  question,  labeling  experiments  were  conducted.     In  an  NMR  tube 
experiment,  phenyl  isocyanate  was  added  to  a  solution  of  15-15N  in 
C6D6,  and  the  reaction  was  monitored  by  NMR  spectroscopy.     The  ^H 
NMR  spectrum  of  the  reaction  at  room  temperature  (23  °C)  reveals  a 
triplet  at  7.86  ppm  (Figure  4.3).     Upon  closer  examination,  the  triplet 
can  best  be  assigned  to  a  1:1  mixture  of  i^n-H  and  ^^N-H  (d,  iJn-h  = 
82  Hz)  isotopomers  which  arise  from  the  statistical  distribution  of 
15N  between  the  two  N  sites  at  23  °C  (eq.  4.8).     These  findings  are 
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consistent  with  Trogler's   mechanistic   investigations   of  the   formation 
of  a  platinum  diphenyl  carbamate  complex   by  phenyl  isocyanate 
insertion  into  the  Pt-N  bond.32b 


^..PM^                                            .PMe3  ..PMe5 

Ph .Pd^Wh  — ^     Ph Pd^^N/,      o  "■ Ph Pd— n\      q  (4.8) 

M^P                                           MejP              Ph     /^HPh  MesP^           Pl     JUh 

15-  ^N                               4  9  49. 


The  statistical  distribution  of  the   i^n  label  in  49-15N    prompted 
us  to  investigate  further  the  mechanism  of  this  reaction.     In  an  NMR 
tube,  phenyl  isocyanate  was  added  to  a  solution  IS-i^N  in  dg- 
toluene  at  -60  °C.    The  ^H  NMR  spectrum  of  the  reaction  mixture  at 
-60  °C  reveals  that  the  initial  product  is   the  insertion  product  which 
produces  a  doublet  at  7.86  ppm  (Figure  4.4).     Upon  warming  from 
-60  °C  to  20  °C,  the  i'*N  singlet  grows  in  until  a  statistical  distribution 
is  reached.     The  proposed  mechanism  for  the  addition  of  phenyl 
isocyanate  to  IS-^^N  as  well  as  the  statistical  distribution  of  the  ^^N- 
label  can  be  seen  in  Figure  4.5.    The  i^N-iabeling   studies   suggest   that 
the  initial   species  generated  was   the  insertion  product  49. 
Tautomerization  of  the  N-H  proton  affords  intermediate  I  as  an  ti^- 
urea  complex.     Intermediate  1  is  now  responsible  for  the  statistical 
distribution  of  the  l^N.iabel  into   the   observed   "insertion"   or 
"addition"    products    49  or  49'  respectively. 

In   a   similar  experiment,   the   reaction   between   tert-butyl 
isocyanate  and   IS-i^N  was  performed.     At  -60  °C,  no  reaction  was 
observed  by  1h  NMR  spectroscopy.     Warming  the  sample  to  0  °C 
revealed  the  formation  of  a  new  product,  I,  with  a  singlet  at  7.34 
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Figure  4.3.  The  phenyl  region  of  the  1h  NMR  spectrum  of  49-1  5n  in 
C6D6  at  25  °C. 
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Figure  4.4.  The  ^H  NMR  spectrum  of  15-15n  and  PhNCO  at  (a)  -60  °C 
(b)  -30  °C  and  (c)  0  °C  in  dg-toluene. 
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Figure  4.5.  Mechanism  for  the  statistical  distribution  of  the   ^^N  label 
of  compound  49. 

ppm  (Figure  4.6).     We  believe  that  this  species  is  the  0-protonated 
tautomer  of  47  (eq.  4.9).     The  sample  was  then  warmed  to  room 
temperature,   at  which   time   1  converted   to  47  over  a  period  of  12 
hours. 
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A  possible  mechanism  that  can  account  for  the  observed 
reaction  of  15   with  electrophilic   substrates  can  be  found  in 
Figure  4.7.     The  first  step  involves  nucleophilic  attack  on  the 
carbonyl   carbon   of  the   electrophilic   substrate   by   the   lone-pair 
electrons   on   nitrogen,   generating   the   zwitterionic   intermediate   I. 
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Figure  4.6.  The  ^H  NMR  spectrum  of  15-1  5n  and  tBuNCO  at  (a)  0  °C 
and  (b)  25  °C  in  d8-toluene. 
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Figure  4.7.  Mechanism   for  the   insertion/addition   reactions   of  15 
with    electrophilic    substrates. 
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Another  resonance  form  of  I  is  that  of  II.     The  nature  of  the  X  group 
in  II     dictates  whether  addition  or  insertion  will  follow.     When  X  is  a 
sterically  demanding  group  (X=NtBu,  N-2,6-iPr2-C6H3,  CHPh2),  then 
proton  transfer  is  favored  due  to  the  inability  of  the  bulky  group  to 
attack  the  metal  center  (path  a).     When  X  is  a  smaller  group  such  as 
the  oxygen  atom  of  carbon  dioxide  or  maleic  anhydride,  then  attack 
at  the  metal  center  is  possible,  and  insertion  into  the  Pd-N  bond  is 
observed  (path  b).     The  initial  insertion  of  phenyl  isocyanate  into  the 
Pd-N  bond  of  15  is  also  consistent  with  path  b,  where  the  NPh  group 
is  less  sterically  demanding  than  NtBu  and  N-2,6-ipr2-C6H3. 


Reactivity   of  PalladiumriD   Amide   Complexes 
with    Activated    Acetylenes 


The   results   from   the   previous   section   demonstrated   that 
electrophilic    substrates    exhibit   high    reactivity   with    palladium(II) 
amide  complexes.     Although  there  are  an  increasing  number  of 
characterized    late-transition-metal    amide   complexes,    little    is 
understood  about  the  reactivity  of  the  M-N  bond  with  olefins  and 
acetylenes.      Recently,   Trogler  demonstrated   that  acrylonitrile   and 
methyl  acrylate  cleanly  insert  into  the  Pt-N  bond  of  trans- 
(PEt3)2Pt(H)(NHPh)  to  generate  the  insertion  products  I  and  II 
respectively   (eq.   4.10).32     We  investigated  the  reactivity  of 
monomeric    palladium(II)    amide    complexes    with    activated    acetylenes 
in  order  to  understand  further  the  reactivity  of  the  Pd-N  bond.      It 
was  our  belief  that  these  substrates   would  exhibit  reactivity  with  the 
Pd-N  bond   that  would   generate   new   carbon-nitrogen   bonds. 
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The   first   activated   acetylene    investigated   was   dimethyl 
acetylenedicarboxylate   (DMAD).      When   15  was  allowed  to  react  with 
one  equivalent  of  DMAD  in  pentane  at  room  temperature,  the 
immediate  formation  of  a  beige  precipitate  was  observed.     The   ^H 
NMR  spectrum  of  this  solid  in  CDCI3  can  be  found  in  Figure  4.8.    The 
1h  NMR  spectrum  reveals  loss  of  the  N-H  signal  of  15  at  1.66  ppm, 
and  the  appearance  of  a  broad  singlet  at  5.66  ppm  as  well  as  singlets 
at  3.73  and  3.70  ppm,  which  are  assigned  to  the  amine  and  methoxy 
protons,  respectively.     This  NMR  data  is  consistent  with     the 
formation   of  the  insertion  product  50  (eq.  4.11).     In  order  to  confirm 
the  insertion  of  DMAD  into  the  Pd-N  bond  had  occurred,  15-15N  was 
allowed  to  react  with  DMAD,  and  the  reaction  was  monitored 


PMe, 
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NHPh 


Mej? 
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—  Ph— Pd' ^  (4  11) 

McjP  CO2CH3 


5  0 
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by  NMR  spectroscopy.     A  doublet  at  5.95  ppm  (Jn-h  =  84  Hz)  in  the  ^H 
NMR  spectrum  confirmed  that  insertion  had  occurred.     The  coupling 
constant  of  84  Hz  for  the  15n_h  proton  was  also  consistent  with 
eneamine    formation. 97     All  other  NMR  data  was  consistent  with  the 
insertion   product   50. 

The  structure  of  50   was  confirmed  by  a  single-crystal  X-ray 
diffraction  study.     The  thermal  ellipsoid  drawing  of  50   appears  in 
Figure  4.9,  with  selected  bond  lengths  and  angles  in  Table  4.1.     The 
structure  reveals  that  compound  50  results  from  insertion  of  DMAD 
into  the  Pd-N  bond  of  15.     The  metal  has  the  expected  square-planar 
geometry    with    trans-PMe3    groups,  while  the   stereochemistry  at  the 
C=C  bond  is  cis.    The  two  Pd-P  bond  lengths  are  the  same  within 
exprimental  error,  as  are  the  Pd-C  bond  lengths.     The  C7-C8  bond 
length  of  1.33(10)  A  was  consistent  with  that  of  a  C=C  bond.    The 
potential  for  interaction  of  the  amine  group  with  the  metal  center 
may  be  responsible  for  the  preference   of  cis   stereochemistry  about 
the  C=C  bond  of  50.     Proton  difference  nOe  experiments  confirm  that 

Table  4.1.  Selected  bond  lengths  (A)  and  angles  (deg)  for  50. 


Pd-P(l) 

2.298 

(2) 

P(l)-Pd-C(l) 

87.8   (2) 

Pd-P(2) 

2.309 

(2) 

P(2)-Pd-C(l) 

87.0   (2) 

Pd-C(l) 

2.070 

(9) 

P(2)-Pd-C(7) 

92.1    (2) 

Pd-C(7) 

2.075 

(8) 

P(l)-Pd-C(7) 

92.5   (2) 

C(7)-C(8) 

1.336 

(10) 

Pd-C(7)-C(8) 

127.8    (6) 

N-C(8) 

1.429 

(12) 

N-C(8)-C(7) 
C(7)-C(8)-C(ll) 

121.0  (8) 

122.1  (8) 

cis  stereochemistry  is  conserved  in  solution.     Irradiation  of  the  PMe3 
protons  of  50  results  in  a  7%  enhancement  of  the  amine  proton  and  a 
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4%  enhancement  of  one  of  the  methoxy  signals  (Figure  4.10).     If  the 
E-isomer  was  present,   then  enhancement  of  the  methyl  protons   of 
both   methoxy  groups  would  be  expected  rather  than   the  amine 
proton. 9 8 


Figure  4.10.     The  proton  difference  nOe  enhancements  for  50. 

When  fran5-(PMe3)2Pd(C6H4C(H)=NPh)(NHPh)(10)  was 
allowed  to  react  with  one  equivalent  of  DMAD  under  the  same 
conditions  as  50,  the  immediate  precipitation  of  an  off-white  solid 
was  observed.    The  ^H  NMR  spectrum  of  this  solid  in  CDCI3  can  be 
found  in  Figure  4.11.     Upon  examination  of  the  NMR  spectrum,  it 
appears   that  two  compounds   are  present  in   solution,   as  determined 
by  the  presence  of  two  distinct  sets  of  imine  proton  and  PMe3 
resonances,  as  well  as  new  methoxy  resonances  at  3.73,  3.69,  3.63, 
and  3.50  ppm.    The  31p{lH}  NMR  also  revealed  two  singlets  at 
-16.79  and  -17.95  ppm.     This  NMR  data  suggests  that  two  isomers,  E 
and  Z  at  the  carbon-carbon  double  bond,  had  been  generated  by  the 
insertion  of  DMAD  into  the  Pd-N  bond  of  10  (eq.  4.12).     The  insertion 
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was  confirmed  by  the  presence  of  two  doublets  at  5.89  (Jn-h=83   Hz) 
and  5.76  ppm  (Jn-h=86  Hz)  for  the  N-H  protons  of  Sl-i^N. 


«=NPh 


/     \ Pd— NHPh     +    DMAD 

MesP 

1  0 


^pj^  NHPh 

^-/^  PMes  %_Op2CH3 

MesP 

51 


(4.12) 


OO2CH3 


Attempts  to  separate  the  two  isomers  of  51   by  column 
chromatography    were    unsuccessful,    therefore    variable    temperature 
experiments  were  performed   in   order  to   observe  whether  or  not  cis- 
trans   isomerization   about   the  carbon-carbon   bond   of  51  was 
responsible  for  the  formation  of  the  isomers.    At  60  °C  in  CDCI3, 
significant  line  broadening   was   observed  for  the  two  imine  proton 
signals  in  the  ^H  NMR  spectrum,  which  suggests  that  an  exchange 
process  involving  the  imine  protons  was  occurring.     The  coalescence 
temperature  could  not  be  reached  due  to  the  decomposition  of  51  at 
more    elevated    temperatures,    therefore    magnetization    transfer 
experiments    were    conducted. 

Figure  4.12  shows  a  series   of  spectra  for  magnetization  transfer 
of  one  imine  proton  signal  to  the  other  at  45  °C.     These  difference 
spectra  result  from  the  subtraction   of  the  spectrum  with  the  inverted 
signal  (II)  from  the  original  spectrum  (I)  (Figure  4.13).     The  imine 
signal  at  8.63  ppm  was  irradiated  with  a  180°  pulse,  therefore  at  x  = 
0  s,  there  is  no  magnetization  transfer  to  the  other  imine  signal  at 
8.76  ppm.     As  the  delay  time  x   increases,   there   is   magnetization 
transfer  from  the  imine  signal  at  8.63  ppm  to  the  imine  signal  at  8.76 
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ppm.     This  results  in  a  decrease  in  intensity  of  the  irradiated  signal 
at  8.63  ppm  and  an  increase  in  intensity  of  the  other  imine  signal  at 
8.76  ppm  as  x  increases  (Figure  4.12).     The  rate  constant  of  the 
exchange  process  was  calculated  from  eq.  4.13,  where  Hi  and  H2  are 
the  measured  integrals  of  the  imine  signals  at  8.63  and  8.76  ppm 
respectively  at  a  delay  time  t. 


H1  +  H2 

In— ^ =  2kT  (4.13) 

Hi  -H2 


The  rate  of  exchange  for  the  isomerization  of  51  at  45  °C  was 
calculated  to  be  0.312  s"!.    The  plot  of  ln(Hi  +  H2)/(Hi-H2)  vs 
time(T)  can  be  found  in  Figure  4.14.    Using  eq.  4.14,  AC  of  19.3  kcal 
mol'l   was  calculated. 


in  krt    =    ln(kbT/h)    -     ^^  (4.14) 


The  presence  of  the  imine  functionality  is  in  some  way 
promoting   the  isomerization   about  the  carbon-carbon  double   bond   of 
51.     Indeed,  the  addition  of  DMAD  to  a  pentane  solution  of 
rran5-(PMe3)2Pd(o-NH2-C6H4)(NHPh)(19)  affords 
fran5-(PMe3)2Pd(o-NH2-C6H4)[(CH3COOC)C=C(COOCH3)(NHPh)](52) 
as  one  isomer  at  25  °C;  however  after  several  hours  at  25  °C  two 
isomers  of  52  were  detected  by  NMR  spectroscopy  (eq.  4.15).     A 
proposed   mechanism   for  the  isomerization   of  the   carbon-carbon 
bond  of  51  and  52  can  be  found  in  Figure  4.15.     A  substituent  in  the 
ortho  position  of  the  phenyl  ring  bound  to  palladium  can  deprotonate 
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NH2  NHz  NHPh 

/     "^ Pd— NHPh  +     DMAD       ^  \7 ^'^''~ \  (4- 15) 

Me,P^  H4p^  ^2(H3 

19  52 


the  N-H  proton  of  the  eneamine  group  and   generate  the  zwitterionic 
complex  I.     The  negative  charge  on  nitrogen  can  be  stabilized  by  a 
variety  of  resonance  forms,  and  it  is  these  resonance  structures  that 
permit   tautomerization    and    isomerizaton    about    the   carbon-carbon 
double  bond.      Although  deprotonation   by  the  imine  nitrogen  is 
reasonable,   attempts  to  induce  isomerization  of  50  by  the  addition  of 
a  base  such  as  N-phenyl  benzaldimine  and  triethylamine   at  room 
temperature  did  not  generate  the  E-  and  Z-isomers  of  50. 

The  reactivity  of  15,  10,  and  19   with  DMAD  involves  the 
conjugate  addition  of  the  amide  group  to  the  cx,p-unsaturated    ester 
instead  of  nucleophilic  attack  at  the  carbonyl  carbon.     This  reactivity 
is  similar  to  that  of  a  Michael  addition  in  organic  chemistry.     The 
amido  group  is  behaving  as  a  "soft"  nucleophile,  and  exhibits  similar 
reactivity   to  that  of  organo-copper  reagents   with   acetylenes   (eq. 
4. 16).  100    Indeed,  the  addition  of  M-NR2  (M  =  Li,  Na,  K)  reagents  to 


Me02C  CQzNfc 

MeQzOC^OCOzNfc        +     RCuBR'  3/H2O      ^  ^q^^^         (4.16) 

R'^  H 

O  O 

n  II 

RCOR'    +      M-NR"2   ^    RCNR"2    +     M-OR'       (4.17) 


168 


in 
—in 


o 

..ID 


m 


in 


o 


in 


t-i 

.o 


a 
o 

B 

'C 
t> 

a, 

X 

u 

& 

I 

a 
o 
-a 

•  M 

u 

c 

bO 

:s 

§ 


169 


JUL 


— I 1 — 

8.76  8.63 


-I- 

A 


T 


2+ 


c=> 


L 


— I 1 — 

8.76  8.63 


1 1 

8.76  8.63 

II 

Figure  4.13.  The  difference  spectrum  for  a  magnetization   transfer 
experiment. 
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Figure   4.14.  The  plot  of  ln(Hi  +  H2)/(Hl-H2)  vs  time(x)  with  a  slope 
of  2k. 
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Figure  4.15.    Proposed  mechanism  for  the  isomerization  of  the 

carbon-carbon  double  bond   of  51  and  52  (L  =  PMe3; 
X  =  C(H)=NPh,  NH2). 
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the  expected  addition  product  would  be  53,   with  initial  nucleophilic 
atack  of  3 -carbon  of  the  a, 3 -unsaturated   ester   followed   by   insertion 
into  the  Pd-N  bond.     Although  the  addition  of  methyl  2-butynoate  to 
a  pentane  solution  of  10   does  result  in  precipitate  formation,  NMR 
spectroscopy   reveals   that   multiple   products    were   generated,   with   no 
evidence  supporting  the  formaton  of  53.     One  possible  explanation 
for  the  lack  of  insertion  chemistry  is  that  the  P -unsaturated    carbon 
of  methyl   2-butynoate  may  not  exhibit  enough  electrophilicty  to 
promote  nucleophilic  attack  by  the  amido  group.     Nucleophilic  attack 
by  the  amido  group  is  expected  at  the  more  electrophilic  a-carbon. 
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CO2CH3 
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Figure  4.16.  The  zwitterionic   intermediates   from   the  addition   of  the 
amido  group  to  DMAD  and  methyl  2-butynoate. 
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esters  only  results  in  nucleophilic  attack  at  the  carbonyl  carbon  and 
formation  of  the  amide  (eq.  4.17).! 01 

In  order  to  confirm  that  the  addition  of  the  amido  group 
proceeds   by   a  Michael   addition,   other  activated   acetylenes   were 
employed.     The  reaction  of  10   with  methyl  2-butynoate  can  be  found 
in  eq.  4.18.     If  the  reaction  proceeds  by  conjugate  addition,  then 
The  zwitterionic  intermediates   from  the  addition  of  the  amido  group 
to  DMAD  and  methyl  2-butynoate  can  be  found  in  Figure  4.16.     Both 
intermediates  have  a  full  negative  charge  on  an  sp2   carbon   center; 
however  the  ester  functionality  of  intermediate  I   can  stabilize   the 
negative  charge   through  resonance   stabilization.      The   methyl   group 
of  intermediate   II   cannot   stabilize   the   carbanion,   therefore   rendering 
this  intermediate  more  unstable.      Instead   of  nucleophilic   attack  at 
the  metal  center,  intermediate  II  can  react  with  the  ester 
functionality  of  a  second  equivalent  of  acetylene  or  polymerize 
methyl    2-butynoate. 

The  addition  of  methyl  propiolate  to  a  solution  of  10  in 
pentane  also  resulted  in  precipitate  formation.     The  ^H   NMR 
spectrum  reveals  a  singlet  at  3.50  ppm  for  the  methoxy  protons  as 
well  as  a  virtual  triplet  at  0.85  ppm  for  the  methyl  protons  of  the 
trans-PMe3  groups.    The  absence  of  any  signals  for  the  N-H  or  C-H 
protons   of  the  amine   and   acetylene  groups  respectively   suggests   the 
acetylide   complex   54   was  generated  with  the  loss  of  aniline 
(eq.  4.19).     Retention  of  the  carbon-carbon  triple  bond  was  confirmed 
by  IR  spectroscopy,  with  the  presence  of  a  stretching  absorption  at 
2097   cm"l.    The  amido  group  of  10  in  this  case  is  now  behaving  as  a 


173 


PMe3 
NHPh  +  iC-CEQzCHs (4.19) 
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base,  and  readily  deprotonates  the   acidic   acetylene  proton  to  form 
the   acetylide   complex.      The   tendency   of  late-transition-metal   amide 
complexes  to  behave  as  bases  has  been  observed,  and  can  be 
attributed  to  the  lack  of  tc -donation   from   the   lone-pair  electrons   of 
the  amido  group  to  the  metal  center.     The  addition  of 
phenylacetylene  to  Cp*2M[N(SiMe3)2]2  (M  =  Ce,  Nd,  Sm)  to  generate 
the  corresponding  acetylide  complexes  Cp*2M(CCPh)2  was  recently 
reported.!  02 

The  reactivity  of  palladium(ll)   amido  complexes   with   less 
activated  acetylenes  was  also  investigated.      The  addition   of  diphenyl- 
acetylene  to   10   in  pentane  does  not  result  in  precipitate  formation. 
Indeed,   upon   work-up,   only   starting   materials   were  recovered.      In 
an  NMR  tube  experiment,  a  solution  of  10   and  diphenylacetylene  in 
d  8 -toluene  was  prepared,  and  the  reaction  was  monitored  by    ^H 
NMR  spectroscopy  at  elevated  temperatures.     At  70  "C,  only  the 
decomposition   of  10  was  observed,  with  no  indication  of  alkyne 
insertion  into  the  Pd-N  or  Pd-C  bonds.     The  insertion  of  acetylenes 
into  the  Pd-C  bond  of  palladacycles  is  well  known.  103     Recently,  it 
was   demonstrated   by   kinetic   experiments   that  the   insertion   of 
alkynes  into  the  Pd-C  bonds  of  palladacycles  involves 
precoordination  of  the  alkyne  to  the  metal  center  (A)  followed  by 
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aryl  migration  to  generate  the  new  palladacycle  (B)   (Figure  4.17).!  04- 
In  compound   10,  the  presence  of  the  imine  functionality  as  well  as 
the  electron-rich  metal  center  may  reduce  the  potential  of  alkynes  to 
coordinate  to  the  metal  center  and  insert  into  the  Pd-C  or  Pd-N  bond. 
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Figure  4.17.  Mechanism  for  the  insertion  of  acetylenes  into  the  Pd-C 
bond   of  palladacycles. 


Thermolysis    Reactions 


As  discussed  in  the  previous  section,  the  insertion  of  an 
unsaturated   organic   substrate  into  the  Pd-N   bond   generates   a  new 
carbon-nitrogen  bond.     The  coupling  of  two  organic  species  through 
catalytic   or   stoichiometric   reactions   employing   palladium   complexes 
has   been   well   documented.  105     Due  to  the  scarcity  of  late-transition- 
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metal  amide  complexes,  little  has  been  done  with  respect  to 
generating  new  organic  molecules   by  utilizing  these  complexes,3  3 
The  potential  of  compounds  50  and  51   to  generate  novel  organic 
molecules    with   carbon-nitrogen   bonds   prompted    us    to   perform 
thermolysis    studies   of  these   complexes. 

A  solution  of  50  was  dissolved  in  toluene,  and  the  solution  was 
refluxed  for  12  hours.     Upon  refluxing,  a  black  precipitate  had 
formed,  which  we  believe  to  be  palladium  metal.     Removal  of  solvent 
by  reduced   pressure   and   extraction   of  the  remaining  residue   with 
warm   hexane    affords    the    trisubstituted   styrene   55  as  a  brown  oil 
(66%  yield).     The  ^H  NMR  spectrum  of  55  reveals  two  singlets  at 
2.87  and  3.28  ppm  for  the  methoxy  protons  as  well  as  a  broad  singlet 
at  11.03  ppm  for  the  amine  proton.     The  NMR  data  suggests  that  one 
isomer  was  present;   however  we  were  unable  to  determine  the  exact 
stereochemistry  of  55  by   NMR    spectroscopy. 


NHPh 


50 


Ph  NHPh 

y={  (4.20) 

CH3O2C  CO2CH3 
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In  a  procedure  identical  to  that  above,  thermolysis  of  51  in 
toluene  resulted  in  the  formation  of  palladium  metal.     Removal  of 
solvent  followed  by  extraction  with  hexane  afforded  a  brown  oil,  and 
the  Ir  NMR  of  this  oil  in  C6D6  can  be  found  in  Figure  4.18.    The 
spectrum  reveals  the  presence  of  two  singlets  at  3.17  and  3.57  ppm 
for  the  methoxy  protons,  as  well  as  two  new  doublets  at  4.15  and 
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6.01  ppm.     The  disappearance  of  the  imine  proton  singlet  at  9.30 
ppm  suggests  the  loss  of  the  imine  functionality.     In  order  to 
facilitate  structure  elucidation,  2D  COSY  1h  NMR  experiments  were 
performed.     The  2D  COSY  iR  NMR  revealed  that  the  two  doublets  at 
4.15  and  6.01   ppm  are  coupling  with  one  another  and  not  with  any 
other  signals  in  the  spectrum.     This  NMR  data  is  consistent  with  the 
trisubstituted    dihydroisoquinoline    56   in  eq.  4.21,  with  the  doublets 
at  4.15  and  6.01  ppm  assigned  to  the  N-H  and  C-H  protons 
respectively.     The  13c{1h}  NMR  spectrum  was  also  consistent  with 
56,  with  a  signal  at  73.3  ppm  for  the  sp3    carbon  of  the  heterocycle 
as  well  as  signals  at  140.8  and   144.2  ppm  for  the  olefinic  carbons. 
High  resolution  mass  spectroscopy  (CI)  confirmed  the  formulation  of 
56,  with  a  molecular  ion  peak  of  415.1659  (M+1). 

The  mechanism  for  the  formation  of  56  can  be  found  in  eq. 
4.21.      Thermally  induced   trans-cis   isomerization   followed   by 
reductive   elimination   affords   1,   where   the   two   organic   substituents 
on  the  metal  center  have  coupled.     A  formal  [l,7]-sigmatropic  shift 
involving  proton  transfer  from  the  amino  group  to  the  imine  nitrogen 
generates  II.     Although  sigmatropic  shifts  of  this  nature  involving 
heteroatoms    are    not   common,  106    they    are    symmetry-allowed 
rearrangements.  107     Cyclization  of  II  regains  aromaticity  and 
generates    56.     Both  isomers  of  51  lead  to  the  formation  of  56; 
however,  it  is  not  known  if  reductive  elimination  occurs  first, 
followed  by  generation  of  the  Z  isomer  of  the  styrene  intermediate  or 
if  only  the  Z  isomer  of  51  reductively   eliminates    and   cyclizes. 

The    trisubstituted    dihydroisoquinoline    56    was    conveniently 
prepared   by   the   insertion   of  an   unsaturated   organic   substrate   into 
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the  Pd-N  bond  followed  by  thermolysis  to  generate  the  new  organic 
molecule.      Although   the   synthesis   of  dihydroisoquinolines   has  been 
the  focus   of  considerable  research,   the   Bischler-Napieralski,   the 
Pictet-Pengler,   and   the   Pomeranz-Fritsch  reactions   are   used   most 
frequently  in  the  preparation  of  this  class  of  compounds.^^S 
Although   these  reactions   generate   a   wide   variety   of  substituted 
dihydroisoquinolines,   they   are   limited   by  reaction   conditions   and 
availability  of  starting  materials.      Recently  it  was   demonstrated  that 
N-alkylisoquinolinium   salts   can   be  prepared   by   the   reaction   between 
cationic  palladium  complexes   and  acetylenes  (eq.  4.22).  109    xhe 
formation  of  the  isoquinolinium  salt  in  eq.  4.22  as  well  as  other 
heterocycles  by  way  of  insertion  of  acetylenes  into  the  Pd-C  bond  has 
precedence    in   the   literature.^  1 0 
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Summary    and    Conclusions 


The  chemistry  of  the  monomeric  amide  complex   15  suggested 
that   the  lone-pair  electrons   on   nitrogen   dominates   the  reactivity   of 
the  M-N  bond.     The  lone-pair  electrons  behave  as  a  nucleophile,  and 
exhibit  reactivity  with  electrophilic  substrates.     The  addition  of  CO2 
and  maleic  anhydride  to   15   resulted  in  formal  insertion  into  the 
Pd-N  bond,   while  diphenyl  ketene  and  alkyl  and   aryl  isocyanates 
involve  addition  reactions  similar  to  those  of  organic  amines.     The 
mechanism  for  these  reactions   appears   to  involve   nucleophilic   attack 
by  the  electron-pair  of  nitrogen  on  the  electrophilic   substrate.     Steric 
bulk  determines   if  addition   or  insertion  products   are  generated  from 
these  reactions,  as  was  demonstrated  by   ^^N.iabeling    experiments 
and    variable    temperature    experiments. 

The  addition  of  DMAD  to  the  amide  complexes  15  and  10 
resulted  in  the  insertion  of  the  unsaturated  organic  molecule  into  the 
Pd-N  bond  and  generation  of  new  carbon-nitrogen   bonds.      Insertion 
into  the  Pd-N  bond  was  confirmed  by  i^N.iabeling    experiments    as 
well  as  an  X-ray  diffraction  study  of  50.     The  insertion  of  DMAD  into 
the  Pd-N  bond  also  involves  nucleophilic  attack  on  the  electrophilic 
alkyne  much  like  that  of  a  Michael  addition  reaction.     In  order  to 
confirm  conjugate  addition,  insertion   of  an   asymmetric  alkyne  was 
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investigated.      The  addition  of  methyl  2-butynoate  to  10    afforded 
intractable  products.     The  amido  group  also  behaved  as  a  base,  which 
was  confirmed  by  the  addition  of  methyl  propiolate  to  10  to 
generate   the   acetylide  complex   54  and  free  aniline.     The  reaction 
between    diphenylacetylene    and    10    at  elevated   temperatures   only 
resulted  in  decomposition  of  10,  with  no  indication  of  alkyne 
insertion  into  the  Pd-N  bond. 

The  ability  of  palladium(II)  amide  complexes   to  generate  novel 
organic  molecules  was   demonstrated  by   the   thermolysis   of  51  to 
generate    the    trisubstituted    dihydroisoquinoline    56.     Despite  these 
results,   the   potential  of  palladium(ll)   amide  complexes   to  facilitate 
carbon-nitrogen   is   restricted   to   highly   electrophilic    substrates; 
therefore  the  utilization  of  these  complexes  as  a  general   synthetic 
approach   for   the   preparation   of   substituted   dihydroisoquinolines   is 
limited. 


CHAPTERS 
PREPARATION  OF  PALLADIUM  NITRENE  COMPLEXES 


The   preparation   and  characterization   of  the   monomeric 
palladium(II)   amide   complexes   in   Chapter  3   demonstrated   that  the 
Pd-N  bond   of  these  complexes   was   thermally   stable  even  though 
there  was  no  evidence  for  7t -stabilization   of  the    lone-pair  electrons 
on  the  amido  group  by  the  metal  center.     The  observed  stability  of 
the  Pd-N  single  bond  of  these  complexes  prompted  us  to  investigate 
the  preparation  of  molecules  with  Pd-N  multiple  bonds.     It  is  our 
belief  that  the  Pd-N  multiple  bond  will  react  with   unsaturated 
organic    substrates    to   generate   new    carbon-nitrogen    bonds. 

Chapter  5  is  divided  into  three  sections.     The  first  section  will 
introduce  the  reader  to  a  class  of  compounds  known  as  imido 
complexes.     This  section  will  focus  on  the  structure  and  bonding  of 
transition-metal  imido  complexes,   as  well  as  their  ability  to  facilitate 
carbon-nitrogen  bond  formation.      A   brief  discussion  involving  the 
synthesis  of  imido  complexes  will  conclude  this  section.     In  the 
second  section  of  Chapter  5,  attempts  to  prepare  palladium  imido 
complexes  will  be  discussed.     Our  findings  suggest  that  a  highly 
reactive   palladium    nitrene   intermediate    was    generated    in  situ  and 
can  be  trapped  by  a  variety  of  tertiary  phosphines.     The  final 
section  of  Chapter  5  will  discuss  the  different  approaches  for  the 
stabilization   of  the   transient  palladium   nitrene   intermediate.      Our 
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results   indicate  that  electronic   effects   influence   the   overall   stability 
of  the  Pd-N  multiple  bond  of  the  imido  complex. 

Introduction    to   Transition-Metal    Imido   Complexes 

Bonding   and    structure   of  transition-metal   imido   complexes.    In 
order  to  begin  a  detailed  discussion   of  transition-metal  imido 
complexes,  it  is  important  define  to  the  nature  of  an  imido  ligand. 
An  imido  ligand  will  be  defined  as  NR"2  moiety,  where  R  is  any 
alkyl,  aryl,  or  silyl  group.     Imido  complexes  are  sometimes  referred 
to  as  nitrene  complexes.     The  nitrene  fragment  is  formally  NR,  and  is 
considered   a  neutral  ligand  when  attached  to  a  transition  metal. 

:n_r-^  :n— r 

imido  nitrene 

The  bonding  of  an  imido  ligand  to  a  transition-metal  can 
assume  many  forms,  as  can  be  seen  in  Figure  5.1.     The  mode  of 
bonding  is  dictated  by  the  oxidation  state  of  the  metal,  the  ancillary 
ligands,  and  the  R  group  on  the  imido  nitrogen.     The  majority  of 
transition-metal   imido  complexes   exhibit  linear   geometry   (I)   with 
respect  to  the  M-N-R  bond  angle.     The  bonding  of  a  linear  imido 
group  involves   significant  tc -donation   from   the   lone-pair  electrons 
on  the  imido  nitrogen  to  the  metal  center,  much  like  that  of  early- 
transition  metal  amido  complexes.     In  order  to  accommodate  the 
lone-pair   electrons,   the   transition-metal    must   have   vacant   d- 
orbitals  available  for  7c-interactions.      The  majority  of  transition- 
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Figure  5.1.  Modes   of  bonding   for   transition-metal   imido  complexes. 

metal  imido  complexes  involve  early-transition  metals   in  a  high 
oxidation  state  (dO).lll     An  example  of  a  transition-metal  imido 
complex  with  linear  geometry  can  be  seen  below.     The  crystal 
structure  of  A  reveals  that  the  W-N  bond  distance  is   1.708(11)  A, 
and  suggests  triple  bond  character.l  12     xhe  W-N-C  bond  angle  of 
175.6°  is  consistent  with  significant  7c-donation  to  the  metal  center. 
Coordinatively   unsaturated   metal   centers   also   tend   to  favor 
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linear   geometry,    because   coordinative    unsaturation    often    means 
that  empty  d  orbitals  are  present  that  can  accommodate  7c-donation 
from   the   lone-pair   electrons    which   electronically   saturates   the 
transition-metal. 

There  is  one  example  of  a  bent  imido  complex  that  has  been 
characterized   structurally.      The  crystal   structure   of  B    reveals  that 
one  of  the  imido  ligands  is  bent,  with  a  Mo-N-C  bond  angle  of 
139.4(4)°  and  a  Mo-N  bond  distance  of  1.789(4)  A.     This  data  can  be 
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compared  to  the  other  imido  ligand,  which  has  a  Mo-N-C  bond  angle 
of  169.4(4)°  and  Mo-N  bond  distance  of  1.754(4)  A.113     These  data 
are  consistent  with  a  molecule  that  posseses  a  bent  and  a  linear 
imido  group.     All  the  d-orbitals  available  for  tc -donation    are 
occupied,  therefore  there   are  no  orbitals   available  for  the  lone-pair 
electrons  of  the  second  imido  group. 

Imido   complexes    of   late-transition-metals    usually    assume 
either    doubly    bridging(III)l  14    or  triply   bridging(IV)l  15    bonding 
geometries.     Examples  of  each  can  be  seen  below.     The  majority  of 
late-transition-metal    imido    complexes    are    low-oxidation    state 
compounds,   therefore   the   d-orbitals   that  can   accommodate  tc- 
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donation  are  either  filled  with  d-electrons,  or  they  are  too  high  in 
energy.     With  the  absence  of  tu -stabilization,   the  imido  ligand  can 
behave  as  a  ligand,  and  dimerize  or  trimerize  with  another 
transition-metal  center.     The  Rh-N  bond  distances  of  2.042(2)  A  of  C 
are  considerably  longer  than  those  of  monomeric  imido 
complexes,!  14a  and  are  comparable  with  the  M-N  bond  distances  of 
late-transition-metal  amide  complexes.      The  crystal   structure  of  D 
reveals  that  the  Fe-N  bond  distances  are  in  the  range  of  1.94-1.98 
A,  115a   and  are  consistent  with  other  triply  bridging  imido 
complexes. 1 15b 
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Transition-metal    imido    complexes    as    nitrogen-transfer 
reagpnt$,      The  preparation  of  transition-metal  complexes  with 
0-2    llla,116,  NR-2  111  ,  pr-2   117,  ^^^  S-2   118  Hgands  have  been 
the  focus   of  considerable  research.      The  potential  of  transition-metal 
complexes   to   transfer  these   ligands   to   unsaturated   organic 
substrates   has   numerous   applications   in   organic   chemistry.      The 
most  studied  of  these  ligands  is  by  far  the  oxo  ligand,  and  the 
synthesis  and  reactivity  of  metal  oxo  compounds  has  been  the 
subject   of  a  comprehensive  review.l  1 1^.  1 16 
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An  example  of  oxygen-transfer  appearing  in  nature  is   the 
enzyme  cytochrome  P-450.     The  role  of  cytochrome  P-450  in  steroid 
metabolism,  drug  detoxification,  and  the  carcinogenic  activation  of 
polycyclicaromatic   hydrocarbons   has   been   the   focus   of  considerable 
research.  119     jhe  active  site  of  cytochrome  P-450  consists  of  a 
single  iron  protoporphyrin  group  shown  in  Figure  5.2.     A  generally 
accepted  mechanism  for  the   activity   of  cytochrome  P-450  involves 
binding  of  dioxygen  to  the  iron  porphyrin  to  generate  C    followed  by 
heterolysis  of  the  0-0  bond  to  generate  the  reactive  intermediate  D 
as  the  iron(V)  oxo  species.     Oxidation  of  the  substrate  S  affords  SO 
and  the  iron(III)  complex  A.  119     The  exact  nature  of  D    is  unknown. 
The  oxidant  D  can  be  represented  as  the  oxoiron(V)  or  as  the 
oxoiron(IV)  porphyrin  radical   where  the  second  electron   is 
delocalized  through  the  rc-system  of  the  macrocycle. 

There  have  been  several  attempts  to  imitate  the  reactivity  of 
cytochrome    P-450. 120     Methods  for  the  oxidation  of  alkanes  and 
olefins   in  organic  chemistry   are   limited,   therefore   the  development 
of  oxygen-transfer  reagents  is  of  considerable  interests.     Groves  et 
al.   have  demonstrated  that  the  oxidation  of  cycloheptane  in  the 
presence  of  BrCCl3   with  the  metalloporphyrin  complex 
tetraphenlyporphyrinatoiron(III)    chloride    (FeTPPCl)121    generates 
cycloheptanol,  cycloheptanone,  and  alkyl  bromide  (eq.  5.1).     The 
formation  of  alkyl  bromide  suggests  the  reaction  involves  a  radical 
process,  with  the  oxoiron(IV)   porphyrin  radical   as   the  reactive 
oxidant. 
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After  the  oxo  ligand,  the  imido  ligand  has  received  the  most 
attention  with  respect  to  ligand  transfer.     The  transfer  of  an  NR 
fragment  to  an  unsaturated  organic  substrate  can  be  seen  in  eq.  5.2. 


R 

N 

+         "NR"      .-     /    \  (5.2) 


The  product  of  this  reaction  is  identical  to  that  of  nitrene  addition  to 
an  olefin.     While  the  addition  of  nitrenes  to  organic  substrates  has 
been   well   documented   in   the   literature,  122   the  preparation  of 
starting   materials   limits   the   application   of  these  reactions. 
Transition-metals   can   effectively   trap   reactive   species,    and   transfer 
them   to   other  substrates.      Indeed,   transition-metal   imido   complexes 
have  been  proposed  intermediates  in  a  variety  of  organic  reactions 
involving    nitrogen-transfer.  123      By  preparing  reactive  transition- 
metal  imido  complexes,  the  potential  for  NR  transfer  to  organic 
substrates    increases. 

One    approach    to    nitrogen-transfer   utilizing    transition-metal 
complexes  would  involve  developing  the  aza  analogue   of  cytochrome 
P-450  discussed  above.      Several  groups  have  developed  this 
and  have  met  with  considerable  success.  124     One  such  example  can 
be  found  in  Figure  5.3.     Irradiation  of  azido(5, 10,15,20- 


188 


P-450 


P-450 


P-450 


Figure  5.2.  Oxygen  transfer  to  substrate  S   by  cytochrome  P-450. 
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Figure  5.3.  Nitrene  transfer  to  cyclooctene  utilizing  the  aza  analogue 
of  cytochrome   P-450. 
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tetramesitylporphyrinato)-manganese(III)    affords    the    Mn(V) 
complex  I.     Compound  I  reacts  with  trifluoroacetic  acid  (TFFA)  to 
generate    the    acylimidomanganese(V)    trifluoracetate    complex    II, 
Addition   of  cyclooctene   to  II   generates   the   (trifluoroacetyl)- 
aziridine  of  cyclooctene  as  well  as  the  Mn(III)  complex  III.     The 
addition    of   tetrabutylammonium    hydroxide    to   II   regenerates    I, 
which  confirms  that  a  manganese  imido  complex  is  indeed 
responsible    for    nitrogen-transfer. ^  25 

A   variety   of  other  transition-metal   imido   complexes   exhibit 
imido    group    transfer.       Molybdenum-mediated    nitrogen-transfer    by 
stoichiometric    and   catalytic   reactions   was    reported   recently.! 26 
Holm  has   demonstrated   that  catalytic   amounts   of  the   molybdenum 
imido  complex   [Mo(NTs)2(Et2dtc)2]  in  the  presence  of  PhMeSNTs 
and  Ph2MeP  generates  the  phosphinimine  Ph2MeP=NTs  in  72%  yield 
(Figure  5.4).     The  trapping  of  reactive  imido  complexes  with  tertiary 
phosphines    to   generate   phosphinimines    has    been   documented    for 
other    transition-metal    complexes.  1 1'^f.  127      Phosphinimine 
formation  is  a  useful  indicator  with  respect  to  imido  formation,  and 
the  utilization   of  phosphines  as  trapping  reagents  will  be  discussed 
in  greater  detail  in  the  following  section. 

Preparation    of   transition-metal    imido    complexes.     There  are 
several   approaches   for   the   preparation   of  transition-metal   imido 
complexes,   and  each   method  is  dependent   on   the  transition-metal  as 
well  as  the  ancillary  ligands  on  the  metal  center.     A  brief  discussion 
involving   the   synthesis   of  transition-metal   imido   complexes   will  be 
presented;   however,   the  reader  is  encouraged   to  read   several 
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Figure  5.4.  The  catalytic  cycle  for  for  nitrene  transfer  to  tertiary 
phosphines    to    generate    phosphinimines. 

comprehensive  reviews  on  this   subject.!  1  la, c     jhe  majority  of 
organoimido   complexes   that  will   be   discussed   involve  early 
transition -metals. 

The  addition  of  organic  azides   to  transition-metal  complexes  is 
a  convenient  route  to  imido  complexes.!  1 1^    Loss  of  N2  is  the 
driving  force  for  these  reactions,  allowing  transfer  of  NR  fragment  to 
the  metal  center  (eq.  5.3).     The  addition  of  organic  azides  to  low- 
valent    late-transiton-metals    to    generate    metal    nitrene    complexes 
has    been    reported. 


MoO(S2CNEt2)2 


ArN, 


(5.3) 


Mo(0)(NAr)(S2CNEt2)2   +    N2 
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The    addition    of  phosphinimines,128    isocyanates,129  and 
sulfinylamines^^O  to  transition-metal  oxo  compounds  is  a 
convenient   method   for   the   preparation    of   transition-metal    imido 
complexes  (eq.  5.4-6).     The  driving  force  behind  these  reactions  is 
the  generation  of  R3P=0,  CO2,  and  SO2  respectively.     The  mechanism 
of  these  reactions  is  believed  to  involve  a  4-center  mechanism  in  a 
(2+2)  Wittig-type  reaction  (eq.  5.7). 

L2Cl3ReO      +      Ph3PNAr  ^  L2Cl3ReNAr    +     Ph3P0     (5.4) 

L2Cl3ReO      +      ArNCO L2Cl3ReNAr    +     CX)2  (5.5) 

L2Cl3ReO      +      ArNSO      ^    L2Cl3ReNAr    +     SO2  (5.6) 


M — O 
M=0      +      RNOO    — ^   I         I   — ^  M=NR       +       CX^        (5.7) 

N — C, 


Some   transition-metal   0x0   complexes   can  readily   be   converted 
to  imido  complexes  by  aminolysis  reactions  (eq.  5.8), 133    The 
addition   of  amines   to  early-transition-metal   0x0  complexes  does   not 
result  in  imido  formation,  which  can  be  explained  by  the  highly 
oxophilic  nature  of  these  metals.     Moving  to  the  right  in  the 
transition   series,   metal   0x0  compounds   exhibit  reactivity   with   alkyl 
and  aryl  amines.      Indeed,  the  first  transition-metal  imido  complex 
was  prepared  by  the  addition  of  tBuNH2  to  Os04  (eq.  5.9)  by  Clifford 
in    1956.132 

The  addition  of  silylamines  to  metal  0x0  or  metal  halide 
complexes  often  results  in  M-N  multiple  bond  formation.     The 
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M=0        +      H2NR    ^  M=NR        +       H2O  (5.8) 

OSO4      +     RNH2     ^    O3OSNR     +    H2O  (5.9) 

driving  force  behind  these  reactions  is  the  formation  of  a  very 
strong  Si-0  or  Si-X  bond  (eq.  5.10).     The  majority  of  these  reactions 
involve   the   preparation   of  high   oxidation    state   early-transition- 
metal   imido   complexes.!  1  ^^ 

CI3VO     +     MeN(SiMe3)2   ^  ClsVNMe   +  (Me3Si)20      (5.10) 

Attempts   to   Prepare   Palladium   Imido   Complexes 

As  discussed  in  the  previous  section,  the  number  of  well- 
characterized    transition-metal    imido   complexes   decreases    as    one 
proceeds  toward  the  right  in  the  transition  series.     Similar  to  late- 
transition-metal   amido   complexes,   the   scarcity   of   late-transition- 
metal  imido  complexes  is  due  to  the  inability  of  these  metals  to 
accommodate   the   imido   functionality   NR--  through  a  and  k 
interactions.     The  preparation  of  this  class  of  compounds  is  of 
considerable  interest  due  to  their  potential  for  transferring  the  NR 
fragment    to    unsaturated    substrates. 

While    late-transition-metal    imido   complexes    have    been 
prepared,   the  majority  of  these  complexes  are  the  bridging  imido 
complexes  discussed  in  the  previous  section.     Due  to  the  nature  of 
late-transition-metals,    different    approaches    are    required    for    the 
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synthesis  of  the  M-N  multiple  bond.     A  monomeric  late-transition- 
metal  imido  complex  that  has  received  considerable  attention  is  the 
iridium(III)  imido  complex   I  reported  by  Bergman   et  al.  (eq. 
5.11). 133     The  addition  of  two  equivalents  of  LiNHtRu  to  [Cp*IrCl2]2 
(Cp*='n5-C5Me5)  generated  I  in  80-90%  yield.     The  proposed 


1/2  [Cp*IrCl2]2    +      2  LiNHtBu 


LiCl 
lBuNH2 


mechanism  involves  initial  formation   of  a  bis-amido  complex 
followed    by  a-hydride   abstraction   to   generate   free   rer/-butylamine 
and  the  imido  complex  I.     This  approach  is  also  responsible  for  the 
generation  of  a  variety  of  osmium  imido  complexes. 134     xhe  crystal 
structure  of  I  reveals  that  the  Ir-N  bond  distance  of  1.712(7)  A  and 
the  Ir-N-C  bond  angle  of  177.2(5)°  is  consistent  with  other 
transition-metal    imido    complexes.^  1  ^^     Although  Ir  is  a  late- 
transition   metal,   the   [Cp*Ir]"''2   fragment  has  three  empty  orbitals 
that  can  accommodate  the  three  sets  of  lone-pair  electrons  of  the 
NR-2  ligand.     This  orbital  interaction  results  in  the  formation  of  the 
Ir-N  triple  bond  as  well  as  an  electronically  saturated  species.     The 
imido  nitrogen  of  I  behaves  as  a  nucleophile  and  exhibits  reactivity 
with  electrophilic   substrates.      Although   I  exhibits   no  reactivity  with 
2-butyne  or   1-phenylpropyne  at  85   °C,  it  does  react  with 
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dimethylacetylene   dicarboxylate   (DMAD)   at   room   temperature   to 
generate  II  as  the  Tj^-tetrasubstituted    pyrrole    (eq.    5.12).!  35 


(5.12) 


II 


Our  research   interests   have   been   directed   toward   the 
synthesis  of  molecules  possessing  Pd-N  multiple  bonds.     As  stated  in 
the  previous   sections,  the  metal  center  should  have  empty  d- 
orbitals  with   the  proper  symmetry   to   accommodate   the  NR  ligand 
through  one  a-  and  two  tc -interactions.     If  we  assume  that  a 
palladium  imido  complex  will  exhibit  C2v   symmetry,  then  the 
orbitals  of  the  ML2  fragment  can  be  derived.  136     The  metal  orbitals 
of  the  ML2  fragment  as  well  as  the  p-orbitals  for  the  imido  group 
can  be  found  in  Figure  5.5.     If  we  assume  an  oxidation  state  of  two 
for  palladium,  then  the  b2,  3ai,  and  2bi    molecular  orbitals  are 
available  for  bonding  interactions  with  the  imido  group.     The  3al 
orbital  has  the  proper  symmetry  for  a  a -interaction   with   one  p- 
orbital  of  the  imido  group,  while  b2  and  2b  i   are  available  for  tc- 
interactions  with  the  other  two  p-orbitals  of  the  imido  group. 

The  orbital  diagram  in  Figure  5.5   suggests   that  the  preparation 
of  a  palladium(II)  imido  complex  is  plausible.     Due  to  the  availability 
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Figure  5.5.  Orbital  diagram  for  the  ML2  and  NR  fragments. 
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of  starting  materials,  we  elected  to  take  an  approach  similar  to  the 
synthesis   of  the  iridium(III)   imido   complex   reported   by   Bergman. 
Preliminary  reactions  can  be  found  in  eq.  5.13.     The  addition  of  two 


2KNHPh 


R2 

Pd 

R2  intractable         rs  1  ^^ 

R  =  Me,Ph  ^    products 


r/-a/i5-Pd(PMe3)2l2    -"l  KNHPh 

equivalents  of  KNHPh  to  a  solution  of  metal  halide  in  THF  resulted  in 
the  formation  of  intractable  products,  none  of  which  suggests  imido 
formation.      Attempts   to  prepare   iodoanilido   palladium(II)   complexes 
by  the  addition  of  one  equivalent  of  KNHPh  to  the  metal  halide  also 
resulted  in  the  formation  of  intractable  products.     It  was  our  belief 
that  if  we  could  prepare  such  a  molecule,   then  dehydrohalogenation 
by  the  addition  of  a  base  might  result  in  imido  formation. 

Addition  of  two  equivalents  of  KNHPh  to  cationic  starting 
materials  was  investigated  for  two  reasons:   First,   nucleophilic   attack 
at  the  metal  center  by  the  first  equivalent  of  amide  reagent  is 
enhanced.      Second,  with  the  intermediate  amido  ligand  attached  to  a 
cationic  metal  center,  the  acidity  of  the  N-H  proton  increases.     Under 
these  circumstances,   the  second  equivalent  of  amide  reagent  can 
behave  as  a  base,  and  deprotonate  the  amido  proton  to  generate  the 
M-N  multiple  bond  (eq.  5.14). 
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M'^-X      +     'NHR ^     M'^-NHR 

(5.14) 

M^'-NHR     +      NHR   ^  M=NR    +     NH2R 


The  addition  of  one  equivalent  of  AgBF4  to  a  solution  of  trans- 
Pd(PMe3)2l2  in  THF  in  the  presence  of  PMe3   affords  the  air-stable 
compound    [Pd(PMe3)3l][BF4]  (57)  in  74%  yield.    The  addition  of  two 
equivalents  of  KNHPh  to  a  solution  of  57  in  THF  at  -78  °C  results  in 
an  immediate  color  change  as  well  as  precipitate  formation. 
Removal   of  solvent  under  reduced   pressure   followed   by   pentane 
extraction   and  recrystallization   at  0   °C   affords   highly   air-sensitive 
light  brown  needles.    The  ^H  NMR  spectrum  of  these  needles  in 
C6D6  can  be  found  in  Figure  5.6.    The  ^H  NMR  spectrum  reveals  a 
doublet  (J  =  12.8  Hz)  at  0.86  ppm  for  the  protons  of  PMe3,  a  well- 
defined  phenyl  region  consisting  of  six  distinct  signals,  and  a  broad 
singlet  at  2.91  ppm  for  the  N-H  protons  of  aniline.     The  amount  of 
aniline   was   stoichiometric,   with   one   equivalent  present  with   respect 
to  the  other  signals  in  the  spectrum.     A  crystal  suitable  for  an  X-ray 
diffraction  study  was  isolated,   and  the  thermal  ellipsoid     drawing 
can  be  found  in  Figure  5.7.     The  structure  reveals  the  presence  of 
two  molecules  of  Me3P=NPh  and  two  molecules  of  aniline 
coordinated   to   one  another   by   bifurcated   hydrogen   bonding. 

The  thermal  ellipsoid  drawing  in  Figure  5.7  poses  two 
questions:   1)  what  was  responsible  for  the  loss  of  palladium,  and  2) 
what  can  account  for  the  formation  of  Me3P=NPh-H2NPh  (58).    An 
equation  that  accounts  for  the  formation  of  58  as  well  as  loss  of 
metal  can  be  seen  below.     The  addition  of  amide  reagent  to  57 
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-PMej 
5  7  -NH2Ph  ^ 


(5.15) 


.0 


I     +     PMes     +    NH2Ph    — — Me3P=NPh-H2NPh 

58 


initially  generates   the   highly  reactive  palladium  nitrene  complex  I, 
Nucleophilic  attack  on  the  nitrene  nitrogen  by  PMe3   followed  by 
liberation   of  the  phosphinimine  58   is  a  viable  mechanism. 
Transition-metal   imido   complexes   have   been   proposed    as   reactive 
intermediates,  137   and  the  trapping  of  transient  imido  complexes 
with   tertiary   phosphines   has   been   documented.!  1^^     McElwee- 
White   recently   demonstrated    that   the   reactive   nitrene   complex 
(C0)5W=NPh  reacts  with  PPh3  to  generate  the  zwitterionic  complex  I 
(eq.  5.16).     Addition  of  excess  CO  induces  cleavage  of  the  W-N  bond 
and  formation  of  the  phosphinimine  Ph3P=NPh.l27 

(C0)5W=NPh      +      PPh3       ^ 

(5.16) 
-                          CD 
(C0)5W— NPh     ^  Ph3P=NPh     +     W(C0)6 

I         PPh3 

The  bonding  of  the  NR  ligand  to  the  metal  center  dictates  the 
reactivity  of  the  imido  ligand  (Figure  5.8).  The  NR'^  fragment  of  A 
has  three  sets  of  lone-pair  electrons.  One  pair  of  electrons  is  in  the 
p-orbital  of  nitrogen  which  has  the  proper  symmetry  to  form  a  a- 
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bond  with  an  empty  orbital  on  the  metal  center.     If  the  metal  center 
has  empty  orbitals  with  the  proper  symmetry,  then  71 -donation    of 
the  two  remaining  sets  of  lone-pair  electrons  on  the  imido  nitrogen 
can  occur,  generating  a  M-N  triple  bond  and  linear  geometry.     The 
absence  of  empty  p-orbitals  on  the  imido  nitrogen  of  A    explains 
why  the  imido  nitrogen  of  these  complexes  exhibits  nucleophilic 
behavior. 

Another  mode  of  bonding  between  the  imido  group  and  the 
metal  center  can  be  found  in  Figure  5.8.     The  NR  fragment  of  B  has 
two  sets  of  lone-pair  electrons.     The  NR  fragment  in  B   has  an  empty 
p-orbital  which  is  available  to  tc -donation   from   the  metal   center. 
The  empty  p-orbital  of  the  NR  fragment  renders  the  imido  nitrogen 
elecrophilic  and  susceptible  to  nucleophilic  attack.     The  lone-pair 
electrons  on  the  imido  nitrogen  in  B    are  not  interacting  with  the 
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Figure  5.8.  Orbital  interactions  between   the  imido  ligand  and  the 
metal    center. 
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metal  center,   which  results  in   bent  geometry  about  the  imido 
nitrogen.     Throughout  the  literature,  this  class  of  compounds  is 
referred  to  as  nitrene  complexes.     The  nature  of  the  M-N  bond  of 
transition-metal   imido   and   nitrene   complexes   with  respect  to 
bonding   and   reactivity   has   been   investigated   by   theoretical 
calculations    and   spectroscopic    studies.! 3  8 

The  reaction  in  eq.  5.15  suggests  that  PMe3  is  behaving  as  a 
nucleophile   and   attacking   the  electrophilic   nitrene  nitrogen   of  I. 
Examination  of  eq.  5.15  also  reveals  that  one  equivalent  of  PMe3 
was  generated  from  the  addition  of  amide  reagent  to 
[Pd(PMe3)3l][BF4].     If  this  equivalent  of  free  ligand  were  removed 
from  solution,  then  perhaps  a  stable  imido  complex  could  be 
isolated.     One  possible  solution  would  be  to  prepare  a  starting 
material  that  has  only  two  phosphine  ligands  bound  to  the  metal 
center.     The  addition  of  one  equivalent  of  AgBF4  to  a  solution  of 
trans -Pd(PMe3)2l2  in  THF  in  the  absence  of  PMe3  affords   the 
cationic  species   [Pd(PMe3)2(THF)I][BF4]  (59).    The  addition  of  two 
equivalents  of  KNHPh  to  a  solution  of  59  in  THF  at  -78  °C  also 
generates    the   phosphinimine   complex   58. 

It  appears  that  free  ligand  may  not  be  responsible  for 
phosphinimine    formation,    therefore    we    investigated    the    mechanism 
for  the  formation  of  58.     There  are  two  possible  mechanisms  that 
can  account  for  phosphinimine  formation  (Figure  5.9).     The  first 
mechanism   involves  an   intramolecular  process,  with  migration  of  a 
coordinated  ligand  to  the  imido  nitrogen  to  generate  the 
phosphinimine.      The   second   mechanism   involves   nucleophilic   attack 
of  the  imido  group  by  free  ligand  in  an  intermolecular   process.     In 
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order  to  distinguish   between   the   two  processes,   exchange 
experiments  were  conducted.     A  THF  solution  of  59  was  cooled  to 
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Figure  5.9.  Possible    mechanisms    for   phosphinimine    formation. 

-90  °C,  and  to  this  solution  was  added  two  equivalents  of  KNHPh  and 
10  equivalents  of  PEt3  as  a  cold  (-90  °C)  THF  solution.    The  reaction 
must  be  kept  cold  initially  in  order  to  avoid  ligand  exchange  at  the 
cationic  metal  center.     As  the  solution  was  slowly  warmed  to  room 
temperature,   precipitate   formation    was    observed.      Crystallization 
from  diethyl  ether  at  0  °C  afforded  yellow  crystals  of  the 
phosphinimine   complex    58,  with  no  evidence  for  the  formation  of 
Et3P=NPh.     These  findings  are  consistent  with  phosphinimine 
formation  by  an  intramolecular  process,  with  migration  of  the 
coordinated    PMe3   ligand  to  the  nitrene  nitrogen  to  form  the 
phosphinimine.      Indeed,   Cundari   predicted  from  ab  initio    molecular 
orbital  calculations  that  distortion  from  C2v  symmetry   of  imido 
complexes  of  this  stoichiometry  of  the  Ni  triad  will  ultimately  result 
in   phosphinimine   formation   via   reductive   elimination.  13 8a 
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Stabilization  of  Palladium  Nitrene  Complexes 

It  was  suggested  in  the  previous   section  that  an 
intramolecular  process   was   responsible   for  phosphinimine 
formation.     If  this  is  the  case,  then  perhaps  utilizing  sterically 
demanding    ligands    and    amide    reagents    may   prevent   phosphinimine 
formation.     Our  first  approach  was  to  employ  the  bulky  ligand  PCy3. 
The  cone  angle  of  PCy3  is  170°,  as  compared  to  the  less  sterically 
demanding   ligand   PMe3,  which  has  a  cone  angle  of  11 8°.  139    jhe 
cationic  complex   [Pd(PCy3)2(THF)I][BF4](60)  was  prepared  by  the 
addition  of  one  equivalent  of  AgBF4  to  a  solution  of  trans- 
Pd(PCy3)2l2  in  THF.    Addition  of  two  equivalents  of  KNHPh  to  a 
solution  of  60  in  THF  at  -78  °C  afforded  the  phosphinimine 
Cy3P=NPh(61)  as  orange  crystals  (eq.  5.17).     The  structure  of 
compound   61  was  confirmed  by  NMR  spectroscopy  as  well  as  high 
resolution  mass  spectroscopy.      Although   steric   bulk  did  not  prevent 
phosphinimine  formation,   it  prevented   the   formation   of  an   aniline 
complex  similar  to  that  of  58. 

[Pd(PCy3)2(THF)I][BF4]    +    2  KNHPh Cy3P=NPh      (5.17) 

6  0  6  1 

A  sterically  demanding  amide  reagent  was  utilized  in  an 
attempt  to  stabilize  the  palladium  nitrene  complex.     The  addition  of 
two  equivalents  of  KNH-2,6-iPr-C6H3  to  a  solution  of  59  in  THF 
affords   the   phosphinimine   complex   62  as  red  crystals  (eq.  5.18). 
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The  1h  NMR  spectrum  of  62  revealed  a  doublet  at  1.38  ppm  and  a 
multiplet  at  3.95  ppm  for  the  methyl  and  methine  protons  of  the 

[Pd(PMe3)2(THF)I][BF4]   +    2  KNHAr  ^       Me3P=NAr  (5.18) 

5  9      Ar  =  2,6-Pr-QH3  6  2 

isopropyl  groups  respectively.     A  singlet  at  -15.74  ppm  in  the 
31p{lH}  NMR  spectrum  was  also  consistent  with  62,     The  isolation 
of  compounds    61  and  62   suggests  that  steric  bulk  does  not  prevent 
phosphinimine    formation. 

We  investigated  electronic   effects   and   their  potential  to 
stabilize   the   transient  palladium  nitrene   complex.      Phosphinimine 
formation   suggests   that  the  reactive   palladium  nitrene  species   is 
electrophilic  in  nature,  exhibiting  similar  reactivity  to  that  of  a 
Fischer  carbene,   where  the  carbene  carbon   behaves   as  an 
electrophile.      Fischer  carbenes  usually  have   a  heteroatom 
substituent  bonded   to  the  carbene  carbon   which  can   stabilize  the 
carbene  complex  by  Jt -donation   from  the   heteroatom  to  the  carbene 
carbon  (Figure  5.10).     Another  resonance  form  of  the  carbene 

(C0)5M=C  -• ►    (C0)5M— C'^ 

^  R 

Figure  5.10.   Stabilization  of  a  Fischer  carbene  by  p-donation  form 
the  lone-pair  electrons   of  a  heteroatom. 
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complex   consists   of  double  bond  character   between   the  heteroatom 
and  the  carbene  carbon  and  single  bond  character  between  the  M-C 
bond.      Indeed,  X-ray  diffraction  studies  of  Fischer  carbenes  confirm 
that  there  is  significant  tc -stabilization    through   donation    from   the 
heteroatom   to   the   electrophilic   carbene  carbon.l^O 

Recently,    McElwee-White    et  al.  reported  the  isolation  and 
characterization    of  zero-valent   tungsten    hydrazido   complexes.! 41 
The  photochemical  metathesis  of  the  carbene  complex  I  and 
PhN=NNMe2  generates    the    "heteroatom-stabilized"    nitrene   complex 
II  (eq.  5.19).     Addition  of  two  equivalents  of  PMe3  does  not  result  in 
attack  of  the  nitrene  nitrogen  like  that  of  (C0)5W=NPh   but  rather 
carbonyl   substitution   at  the  metal  center  to   generate  complex  III 
(eq.  5.20).     The  X-ray  diffraction  studies  of 
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(C0)5W=<^ 

I         Ph 
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/NMe2 

N=N 
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(C0)5W=N 
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N=  C(p-Tol)Ph 


P     PMe3 
/NMe2         2  PMe3  I  • 

(C0)5W=N  ^—^      OC — W  =  N 

-2  CO  ^  \  \ 

I  Me3P      ^  NMe2 

III 


(5.19) 


(5.20) 


/ac-(CO)3(DPPE)W=NNMe2  (DPPE  =1,2- 
bis(diphenylphosphino)ethane)    reveals    that    there    is 
pseudooctahedral   geometry   about   the   metal   center,    with   the 
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hydrazido  ligand  being  bent.     The  short  N-N  bond  distance  of  1.21  A 
as  well  as  restricted  rotation  about  the  N-N  bond  is  consistent  with 
7c-donation   from   the   NMe2   moiety   to  the  electron-deficient  nitrene 
nitrogen. 

These  findings  suggest  that  an  electron-donating  group  on  the 
nitrene   nitrogen   may    stabilize    the    transient   palladium   nitrene 
complex  that  was  responsible   for  phosphinimine  formation.      An 
approach  similar  to  that  employed  by  McElwee-White  can  be  seen  in 


[Pd(PMe3)2(THF)I][BF4]     +    2  MNHNPh2    ^    intractable      ^5  ^l) 

products 
5  9  M  =  Li,  K 


eq.  5.21.     The  addition  of  two  equivalents  of  LiNHNPh2  to  a  solution 
of  59   at  -78  °C  only  results  in  the  formation  of  intractable  products, 
with  no  evidence  for  the  formation  of  a  palladium  hydrazido 
complex.     Under  the  same  reaction  conditions,  the  reaction  of 
KNHNPh2  with  59  gave  no  evidence  for  hydrazido  formation. 

One  possible  explanation  for  the  lack  of  stability  observed 
above  can  be  seen  in  Figure  5.11.     For  early-transition  metals,  the 
d-orbitals  are  diffuse,  high-energy  orbitals.     The  7c-interaction 
between  the  p-orbitals  of  the  imido  ligand  and  the  metal  orbitals  is 
best  represented  in  energy  diagram  A,   where  the  HOMO  possesses 
significant  nitrogen  p  character.     It  is  the  significant  nitrogen  p- 
character  that  accounts  for  the  nucleophilicity  of  the  imido  ligand  of 
early-transition  metals.     As  one  proceeds  to  the  right  in  the 
transition   series,  the  d-orbitals   become  less  diffuse  as  indicated  by 


208 

the  decreasing  radii  of  the  free  metal  atoms.     This  results  in  a 
decrease   in   energy  of  the  d-orbitals   with   respect  to  early-transition 
metals.     Energy  diagram  C  reveals  that  the  HOMO  has  significant 
metal  character,  suggesting  that  there  is  a  shift  of  electron  density 
from  the  imido  ligand  to  the  metal  center.     One  would  now  predict 
that  the  imido  ligand  is  now  electrophilic  in  nature.     Indeed,  ab 
initio    calculations  as  well  as  13c{1h}  NMR  data  of  a  variety  of 
transition  metal  imido  complexes  suggest  that  as  one  proceeds  to  the 
right  in  the  transition  series  there  is  a  decrease  in  nucleophilic 
behavior  and  an  increase  in  electrophilic   or  nitrene  character.l3  8c 


Figure  5.11 


Energy  diagrams  for  the  p  and  d  orbitals  of  the  imido 
ligand  and  metal  center  respectively  as  the  relative 
energies  of  the  atomic  orbitals  changes. 


Examination  of  Figure  5.11   reveals  that  the  ideal  bonding 
interaction  is  B,  where  the  p-orbitals  of  the  imido  nitrogen  and  the 
d-orbitals  of  the  metal  are  approximately  the  same  in  energy.     Our 
research   interests   involve   the  preparation   of  a  palladium  imido 
complex,   therefore  we  need  to  find  the  proper  conditions  that 
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approach   the  imido-metal  interaction  described  in   B.     The  presence 
of  electron-withdrawing   groups   on   the  imido  ligand   should 
effectively  lower  the  energy  of  the  p  orbitals  of  the  imido  ligand, 
therefore   enhancing   the   interaction   between   the   metal   and   the 
imido  ligand  orbitals.     This  approach  has  met  with  some  limited 
success   with   respect   to    the   preparation    of   late-transition-metal 
imido  complexes.     As  discussed  in  the  previous  section,  the  addition 
of  organic   azides  to  transition   metals   can   generate   metal-nitrogen 
multiple  bonds.     The  addition  of  perfluorinated  alkyl  azides  to  group 
VIII  metals  has  been  investigated.     Several  years  ago.  Stone  et  al. 
reported   that  the   addition   of  2H-hexafluoropropyl   azide   reacts   with 
a  variety  of  low-valent  metal  complexes  to  form  alkylimido 
complexes   (eq.    5.22-24). l'^2     Jq  date,  the  palladium  imido  complex 
in  eq.  5.24  is  the  only  example  of  a  molecule  possessing  a  Pd-N 
multiple   bond,   however   structure   elucidation   was    only   determined 

(Ph3P)2lr(CO)Cl    +     RpNj    ^  (Ph3P)2lr(CO)(Cl)(NRF)    (5.22) 

(Ph3P)2M(CO)3     +    RpN3    .-   (Ph3P)2M(CO)2(NRF)        (5.23) 

M  =  Ru,  Os 

M(PMePh2)4     +      RfN3    •-    M(PMePh2)2(NRp)        (5.24) 

M  =  Pd,  Pt 
Rp  =  CF2CHFCF3 

from  1h  NMR  spectroscopy,  with  a  doublet  for  the  methyl  protons  of 
PMePh2  group  (^Jp.n  =  12  Hz)  of  the  Pt  and  Pd  nitrene  complexes. 
Crystals  suitable  for  diffraction   studies  were  not  isolated  and  a 
structure   was   never   solved. 
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The  reactions  in  eq.  5.22-24  suggest  that  fluoro  groups  are 
suitable  for  the   stabilization   of  metal   nitrene  complexes,   therefore 
the  influence   of  electron-withdrawing  groups   on  the  imido  ligand 
was  investigated.     The  addition  of  trans-Pd(PMe3)2l2  to  a  solution 
of  two  equivalents  of  KNHC6F5  in  THF  at  0  °C  affords  a  yellow- 
orange  solution  with  precipitate  formation.      Removal  of  solvent 
under  reduced   pressure   affords   a  yellow-brown   residue.      Extraction 
of  this  residue  with  diethyl  ether  followed  by  cooling  the  orange 
solution  to  0  °C  affords  yellow  crystals. 

The  1h  NMR  spectrum  of  the  yellow  crystals  in  C6D6  at  23  °C 
reveals  a  virtual  triplet  at  0.55  ppm  (apparent  J  =  3.4  Hz)  for  the 
methyl  protons  of  PMe3.     The  triplet  is  consistent  with  the  PMe3 
groups  having  a  P-Pd-P  angle  >  90°.    The  31p{lH}   NMR  spectrum 
revealed  a  singlet  at  -9.91   ppm,  which  was  also  consistent  with 
trans  stereochemistry.     A  doublet  (6  -167.72),  triplet  (5    -185.00), 
and  triplet  (5  -186.24)  in  19f{1h}   NMR  spectrum  confirmd  the 
presence  of  the  pentafluorophenyl  ring.      High  resolution  mass 
spectroscopy  (FAB)  revealed  the  molecular  ion  peak  of  439.9980 
(M+1),  which  is  consistent  with  the  monomeric  palladium  nitrene 
complex   63  in  eq.  5.25.     The  experimental  and  theoretical  isotope 
dstribution  of  the  M+1   envelope  was  also  consistent  with  the 

trans-PdiPMe^hh  j^^  p 

-2  KI  ^  \ 

2KNHC6F5  Me3P  QF5 

6  3 
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Table  5.1.    The  experimental   and   theoretical   isotope  distribution   of 
63. 


mass    (amu) 

exptl.  abun.  (%) 
3.334858 

theo.  abun.  (%) 
3.34236 

436 

437 

0.470945 

0.46641 

438 

36.452591 

36.48913 

439 

78.151917 

78.18400 

440 

100.000000 

100.00000 

441 

13.304228 

13.17986 

442 

87.360138 

87.42947 

443 

12.250432 

12.13796 

444 

39.115711 

39.14090 

445 

5.443048 

5.39005 

446 

0.353719 

0.34605 

447 

0.014092 

0.01128 

monomeric   nitrene   complex   63. 

Two  points  need  to  be  addressed  with  respect  to  the  nitrene 
complex    63.     First,  compound  63  is  written  as  a  bent  nitrene 
complex  in  eq.  5.25.     Phosphinimine  formation  discussed  earlier 
suggests   that  an  electrophilic   palladium  nirene  complex  was 
generated   in  situ.     From  Figure  5.8,  a  bent  geometry  is  expected  at 
the  imido  nitrogen.  The  second  concern  involves  the  possibility  of 
63  existing  as  a  dimer  or  trimer.     As  stated  in  the  previous  section, 
late-transition-metal   imido   complexes   have   a  tendency   to   dimerize 
or  trimerize.     A  crystal  structure  of  63   would  be  of  considerable 
interest  in  resolving   these  concerns. 

Compound    63  is  moderately  air-stable  in  the  solid  state, 
however  it  can  be  stored  indefinitely  under  an  atmosphere  of 
nitrogen.     When  a  solution  of  63  in  C6D6  was  allowed  to  stand  at 
room  temperature  for  five  days,  the   ^H  NMR   spectrum  revealed   the 
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appearance  of  a  doublet  of  triplets  at  0.80  ppm  (d,  2jp_jj  =  12,8  Hz;  t, 
J  =  0.73  Hz),  as  well  as  a  broad  singlet  at  2.80  ppm.    When  a  solution 
of  63  was  warmed  to  60  °C  for  18  hours,  the  triplet  at  0.54  ppm 
dissappeared  with  an  increase  in  intensity  of  the  doublet  of  triplets 
and  the  broad  singlet  at  2.80  ppm.     The  thermolysis  of  63   results 
inthe  formation  of  the  phosphinimine   64  (eq.  5.26),  which  gives  rise 
to  the  doublet  of  triplets  in  the  ^H  NMR  spectrum.     The  formation 


MegP^ 


I,  J        XT  60  °C 

Pd=N^       77- Me3P=NC6F5  (5.26) 


^63  64 


of  free  H2NC6F5  was  also  observed  as  a  broad  singlet  at  2.80  ppm  as 
well  as  the  fomation  of  palladium  metal.     In  the  absence  of  trapping 
reagents,   reactive   transition-metal    imido   complexes   can   decompose 
to  produce   the   corresponding   amine.l41a,b,d,e     xhe  formation  of  64 
in  eq.  5.26  suggests  that  63  is  the  palladium  nitrene  complex  in  eq. 
5.25.     The  formulation  of  64   was  confirmed  by  high  resolution  mass 
spectroscopy  (FAB),  which  revealed  a  molecular  ion  peak  of 
258.0479  (M+1).     The  presence  of  a  singlet  at  13.76  ppm  in  the 
3lp{lH}  NMR  spectrum  was  also  consistent  with  the  formation  of 
64.    Although  64   has   been  previously  prepared,  143   no  NMR  data 
was    reported. 

The  addition  of  free  ligand  to  a  solution  of  63    provided 
further  evidence  for  the  formation  of  63.     The  addition  of  excess 
PMe3  (10  eq)  to  a  solution  of  63  in  C6D6   slowly  converts  63  to  64 
and    Pd(PMe3)4  over  a  period  of  four  days  at  room  temperature 


M. 
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(eq.  5.27).     The  disappearance  of  the  singlet  at  -9.91   ppm  in  the 
31p{lH}   NMR  spectrum  for  63  and  the  appearance  of  a  singlet  at 
-29.23  ppm  for  Pd(PMe3)4  is  consistent  with  eq.  5.27.    The  ^H  NMR 

Meg?  Pd(PMe3)4 

^i>j       XT                      PMe3 
Pd=N  ^ +  (5.27) 

MejP  C6F5  Me3P=NC6F5 


63 


64 


spectrum  also  reveals  the  disappearance  of  the  triplet  at  0.54  ppm, 
for  63,  with  the  appearance  of  a  doublet  at  1.13  ppm  and  a  doublet 
of  triplets  at  0.78  ppm  for  the  methyl  protons  of  Pd(PMe3)4  and  64 
respectively. 

The  formation   64   and  Pd(PMe3)4  from  the  addition  PMe3  to 
63   was  consistent  with  the  reactivity  of  a  palladium  nitrene 
complex.     The  addition  of  perfluorinated  organic  azides   to 
Pd(PMePh2)4  in  eq.  5.24  was  reported  to  generate  a  palladium 
nitrene  complex  as  well  as  two  equivalents  of  free  ligand.     Our 
results  show  that  a  palladium  nitrene  complex  reacts   with  free 
ligand  to  generate  a  phosphinimine.      Indeed,   the  coupling  constant 
of  12.8  Hz  in  the  ^H  NMR  spectrum  of  64  for  the  protons  of  PMe3 
was  similar  to  the  NMR  data  for  the  palladium  and  platinum  nitrene 
complexes  in  eq.  5.24.     This  data  suggests  that  the  palladium  and 
platinum  nitrene  complexes  reported  by   Stone  et  al.  may  be  actually 
the  corresponding  phosphinimine  Ph2MeP=NCF2CHCFCF3. 

Attempts   to   further   stabilize   the   palladium   nitrene   complex 
were  investigated.     The  presence  of  fluorine  groups  on  the  phenyl 
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ring  can  result  in  the  competition  between  electrostatic   and 
resonance    effects.  144     The  fluoride  group  is  significantly  more 
electronegative   than   carbon,   therefore   one   would   expect   fluoride 
groups  to  be  me ra -directing.      The  fluoride  group  has  lone-pairs  of 
electrons,  and  through  resonance  forms  can  activate   the  phenyl  ring 
in  the  ortho  and  para  positions.     A  way  to  avoid  these  competing 
forces  is  to  utilize  fluoroalkyl  groups.     These  groups  are  highly 
electron-deficient,   yet  the   lone-pair  electrons   of  fluorine   can 
interact   with   the   phenyl   ring   only   through   hyperconjugative 
resonance. 

As   was   stated   earlier,   the   presence   of  electron-withdrawing 
groups  on  the  phenyl  ring  should  stabilize  the  nitrene  complex.     The 
presence  of  fluoroalkyl  groups  in  the  meta  positions  of  the  phenyl 
ring  of  the  imido  ligand  was  investigated  with  the  expectation  of 
observing  increased  stabilization  of  the  Pd-N  multiple  bond.     The 
substituted    aniline    3,5-bis(trifluoromethyl)aniline    is    commercially 
available  from  Aldrich.     The  addition  of  trans-? d{?Mt'i)2l2  as  a 
solution  in  THF  to  a  cold  (0  °C)  solution  of  KNH-w-(CF3)2-C6H3 
(2  eq)  in  THF  also  results  in  precipitate  formation  when  the  solution 
was  warmed  to  0°C.     Yellow  crystals  were  also  grown  at  0  °C  from 
diethyl    ether. 

The  1h  NMR  spectrum  of  the  crystals  in  C6D6  revealed  a 
triplet  at  0.54  ppm  (J  =  6.6  Hz),  and  a  new  singlet  at  6.97  ppm.     A 
small   amount   of  free   3,5-bis(trifluoromethyl)aniline   was   present   as 
indicated  by  the  broad  singlet  at  2.60  ppm.     A  singlet  at  -9.16  ppm 
in  the  31p{lH}   NMR  spectrum  was  also  consistent  with  the  nitrene 
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'.rans-Pd(PMQ2)2h  MegP, 

-2  KI  \ 


■"  „^,  .     ■  Pd=N  (5.28) 

-H2NAr  /  \ 

2  KNHAr'  MegP  Ar' 


complex   65  in  eq.  5.28.     Compound  65   is  air-stable;  however,  in 
solution   65  exhibits  reactivity  similar  to  that  of  63.    The  ^H   NMR 
spectrum  of  65  in  C6D6   after  several  days  at  room  temperature 
revealed  the  presence  of  a  new  doublet  at  0.65  ppm  as  well  as  a 
significant  concentration  of  substituted   aniline.      Thermolysis  of  65 
at  70  °C  in  C6D6  for  21  hours  resulted  in  loss  of  the  triplet  at  0.54 
ppm  and  an  increase  in  intensity  of  the  doublet  (^Jp.n  =  12.5  Hz)  at 
0.67  ppm  as  well  as  an  increase  in  concentration  of  free  aniline.     The 
31p{lH}  NMR  spectrum  revealed  the  loss  of  the  singlet  at  -9.91  ppm 
for  65  and  the  appearance  of  a  singlet  at  8.82  ppm.     This  NMR  data 
was  consistent  with   the   generation   of  phosphinimine  66  from  the 
thermolysis   of  65  (eq.   5.29).     The  higher  temperature  required  to 

MeaP 

\  70  °C 

Pd=NAr' Me3P=NAr'  (5.29) 

/  21   h  ^  ^        ^ 

^65  66 

generate    66    suggests  that  the  nitrene  complex  65    exhibits   higher 
thermal   stability   than   63,   which   is   consistent  with   substituent 
effects  on  the  phenyl  ring.  The  high  resolution  mass  spectrum  (FAB) 
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of  65  revealed  a  base  peak  at  304.0743  (M+1),  which  was 
consisitent  with  the  molecular  weight  of  66,  with  no  evidence  in  the 
spectrum  for  the  molecular  ion  peak  of  65  which  has  a  molecular 
weight  of  485.4. 

The  reactivity  of  63  and  65  with  H2O   further  supports   the 
formation  of  palladium  nitrene  complexes.     The  addition  of  one 
equivalent  of  H2O  to  a  solution  of  63  and  65    at  room  temperature 
results   in  quantitative   formation   of  0=PMe3    and  the  corresponding 
aniline  as  indicated  by  1h  and  31p  nMR  spectroscopy  (eq.  5.30). 

MegP, 
\ 

Pd=NR     +    H2O    ^   0=PMe3  +  H2NR   +    Pd'^       (5.30) 

MegP 

The  reaction  is  quantitative  and  complete  within  24  hours.     A 
mechanism   that   accounts  for  0=PMe3   formation  can  be  found  in 
Figure  5.12.     Nucleophilic  attack  of  the  imido  complex  with  H2O 
generates   the   substituted   aniline  and   the   palladium  0x0 
intermediate  I.     Intermediate  I  can  also  be  the  dimeric  0x0  complex. 
Bergman    et  al.   recently  demonstrated   that  bridging   iridium  0x0 
complexes   react  with  PMe3   to  generate  0=PMe3.145     Intermediate  I 
then   undergoes   reductive  elimination   to   generate   0=PMe3  and  a  Pd^ 
species.     Indeed,  palladium  metal  was  deposited  in  the  NMR  tube 
after  24  hours  at  room  temperature.     Small  amounts  of  the 
phosphinimine    complexes    64  and  66   intially  present  in  solution 
appear  to  be  water  compatible,  and  remain  in  solution  after  the 
reaction  has  gone  to  completion.     This  finding  is  consistent  with  the 
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Figure  5.12.  Proposed  mechanism  for  the  formation  of  0=PMe3  from 
the  addition  of  H2O  to  a  palladium  nitrene  complex. 

mechanism  in  Figure  5.12,  and  suggests  that  the  initial  product  is 
0=PMe3   and  not  the  phosphinimines  64  and  66.     An  oxygen 
transfer  reaction   utilizing   a   late-transition-metal   imido   complex   was 
recently   demonstrated   by   Bergman   et  a/.H^f    The  addition  of  one 
equivalent  of  H2O  and  two  equivalents  of  PMe3  to  the  bridging 
imido  complex  1  generated  II  and  0=PMe3  with  no  indication  of 
PhN=PMe3  formation  (eq.  5.31).    Our  findings  as  well  as  those  of 
Bergman    suggest   that   late-transition-metal   imido   complexes   can 
behave  as  nitrogen  and   oxygen   transfer  agents. 
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Conclusions 

The   addition   of  perfluoroamide  reagents   to   neutral 
palladium(II)  complexes  appears   to  be  a  viable  route  to  palladium 
nitrene  complexes,  while  the  addition   of  other  amide  reagents  to 
neutral   palladium(II)   complexes    only    afforded    intractable   products. 
The  ability  of  palladium  imido  complexes  to  behave  as  nitrogen 
transfer  agents  v^^as  demonstrated.      The  first  example  of  nitrogen 
transfer  was  observed  by  the  addition  of  two  equivalents  of  KNHPh 
to   [Pd(PMe3)3l][BF4](57).     The  product  of  this  reaction  was  the 
complex   Me3P=NPh-H2NPh(58),  which  was  confirmed  by  a  single 
crystal   X-ray   diffraction    study. 

The  in  situ  generation  of  a  palladium  nitrene  complex  accounts 
for  phosphinimine  formation.      Exchange  reactions   suggest  that  the 
formation  of  58  involves  an  intramolecular  process,   with   migration 
of  a  coordinated  ligand  to  the  imido  nitrogen  followed  by  the 
liberation  of  58.     Attempts  to  stabilize  the  reactive  palladium 
nitrene   intermediate  were   undertaken.      The   use   of  sterically 
demanding   ligands  and  amide   reagents   were  employed   in   order  to 
prevent   phosphinimine   formation.    The   addition   of  two   equivalents 
of  of  KNHPh  to  [Pd(PCy3)2(THF)I][BF4](60)  generated 
Cy3P=NPh(61).     In  a  similar  experiment,  the  addition  of  two 
equivalents   of  KNHAr  (Ar=2,6-diisopropylphenyl)   to  59  also 
resulted  in  the  generation   of  the  phosphinimine  Me3P=NAr   (62). 
Close  examination  of  the  energy  diagrams  for  the  molecular 
orbitals  of  the  imido  group  and  the  metal  center  reveal  that  the 
presence   of  electron-withdrawing   groups   on   the   imido  nitrogen   may 
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stabilize   the   nitrene  complex.      A   variety   of  late-transition-metal 
nitrene  complexes   have   been  prepared   by   the  addition  of 
perfluoroalkyl  azides  to  low-valent  metal  centers.     The  addition  of 
two  equivalents  of  KNHC6F5  to  trans -Pd(PMe2)2l2  resulted  in  the 
formation  of  compound   63.     In  a  similar  experiment,  the  addition  of 
two   equivalents    of   KNHAr   (Ar=3,5-bis(trifluoromethyl)aniline) 
generated    compound    65.     The  spectroscopic  data  for  63  and  65  are 
consistent  with   palladium  nitrene  complexes;   however,   the  exact 
nature  of  these  complexes  with  respect  to   structure  and  bonding  are 
currently  unknown  due  the  inability  to  grow  a  suitable  crystal  of  X- 
ray    quality. 

The  thermolysis   of  63  and  65    generated    the    phosphinimines 
64  and  66    respectively,   which   were   characterized   by   NMR 
spectroscopy   and   mass    spectral   analysis.      Phosphinimine   formation 
was  indicative  of  a  palladium  nitrene  complex.     The  addition  of 
excess    PMe3  to  63  results  in  the  formation  of  65   and  Pd(PMe3)4, 
which  was  also  consistent  with  the  reactivity  of  a  palladium  nitrene 
complex.   The  addition  of  one  equivalent  of  H2O  to  63  and  65 
resulted  in  the  quantitative  conversion  to  0=PMe3  and  the 
corresponding    sustituted   aniline.      These   results   demonstrate   that 
palladium  nitrene  complexes  can   behave   as  oxygen   and  nitrogen 
transfer  agents.     Future  work  on  this  project  will  involve  examining 
the  reactivity   of  these   nitrene   complexes   with   unsaturated   organic 
substrates   in   order  to   faciltate   carbon-nitrogen   bond   formation. 
Although  our  knowledge  of  palladium  nitrene  complexes  is  still  in 
its  infancy,  our  preliminary  findings  suggest  that  this  class  of 
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compounds  has  the  potential  to  offer  a  wide  variety  of  reaction 
chemistry. 


APPENDIX 
CRYSTALLOGRAPHIC  DATA 


r(PMe2)lPd(C^Hj.C(H^=NPri^irBF4.1(4) 


Table  A.l     Crystallographic  Data  for  4. 


Crystal    Data 

a,  A 

b,  A 

c,  A 

P,  deg 

V,  A3 

dcalc,  g  cm-3  (298  K) 

Empirical    formula 

Formula  wt,  g 

Crystal    system 

Space   group 

Z 

f(OOO),  e 

Crystal  size  (mm^) 


30.594(9) 
9.586(2) 
19.279(5) 
99.24(3) 

5581(3) 

1.35 

[Ci9H39NP3Pd][BF4] 

567.21 

Monoclinic 

a 

8 

2336 

0.19  X  0.30  X  0.40 


Data    Collection 

Scan  range  (co,  deg) 

Scan  rate,  deg  min"l 

28  range,  deg 

Range  of  hkl^ 

Mode 

Bkgd    measurement 


1.2 

3.0-6.0 

3.0-50.0 

0  </z  ^37,  0  ^/:<  11,  -23  </<23 

CO  scan 

stationary   cryst   and   stationary 

counter  at  beginning  and  end  of 
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Total    reflections    measured 
No.  of  unique  reflections 


scan,  each  for  50%  of  each  total 

scan   time 

5940 

5585 


Structure     Refinement 

Weighting    scheme 

S,t>  goodness  of  fit 

No.  of  variables 

R,  Rw 

R,  Rw^  (%) 

Rint  (%) 

Max.    shift/esd 

Min.  peak  in  diff.  four,  map  (e  A^^) 

Max.  peak  in  diff.  four,  map  (e  A-3) 


w-1  =  a2(F)  +  0.0004F2 

1.14 

553 

5.01,  4.86 

6.83,   4.87 

0.88 

-0.52 
0.72 


^Reflections  with  h  +  k  =  2n  +  I  were  not  collected.    ^Relevant 
expressions  are  as  follows,  where  in  the  footnote  Fq  and  Fc 
represent,    respectively,    the    observed    and    calculated    structure-factor 
amplitudes.     Function  minimized  was  w(IFol  -  IFcl)^,  where  w=  (a(F))-2 
R  =  KIIFqI  -  IFcll)  /  IIFol 
wR  =  [Iw(IFol-IFcl)2/IIFo|2]l/2 

S  =  [Iw(IFol  -  IFcl)2  /  (m-n)]l/2 

Table  A.2     Bond  Lengths(A)  and  Angles(°)  for  4. 


1-2 


PI 

Pd 

P2 

2.324(3) 

165.0(1) 

P2 

Pd 

P3 

2.325(3) 

96.2(1) 

P2 

Pd 

CI 

2.325(3) 

83.7(2) 

Pd 

PI 

Cll 

2.324(3) 

118.8(5) 

Cll 

PI 

C12 

1.798(12) 

106.0(7) 

Cll 

PI 

C13 

1.798(12) 

98.9(5) 

Pd 

P2 

C21 

2.325(3) 

120.3(5) 

C21 

P2 

C22 

1.821(14) 

105.6(6) 

Table  A.2    Continued 
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1-2 


1-2-3 


C21 

P2 

C23 

1.821(14) 

97.8(7) 

Pd 

P3 

C31 

2.360(3) 

120.5(5) 

C31 

P3 

C32 

1.755(18) 

95.0(7) 

C31 

P3 

C33 

1.755(18) 

103.6(7) 

C7 

N 

C8 

1.238(13) 

116.9(10) 

Pd 

CI 

06 

2.048(7) 

121.7(6) 

CI 

C2 

C3 

1.393(12) 

121.3(8) 

C3 

C2 

C7 

1.402(13) 

118.4(9) 

C3 

C4 

C5 

1.371(14) 

121.0(9) 

CI 

C6 

C5 

1.402(11) 

121.9(9) 

N 

C8 

C9 

1.457(15) 

108.2(12) 

C9 

C8 

CIO 

1.471(24) 

109.5(13) 

PI' 

Pd" 

P3' 

2.312(3) 

98.3(1) 

pr 

Pd' 

cr 

2.312(3) 

83.6(3) 

P3' 

Pd' 

cr 

2.358(3) 

171.6(3) 

Pd' 

PI' 

C12' 

2.312(3) 

117.9(5) 

Pd' 

PI' 

C13' 

2.312(3) 

112.5(6) 

CI  2' 

PI' 

C13' 

1.801(12) 

100.7(7) 

Pd' 

P2' 

C22' 

2.324(3) 

117.2(4) 

Pd' 

P2' 

C23' 

2.324(3) 

111.3(4) 

C22' 

P2' 

C23' 

1.824(11) 

102.6(5) 

Pd' 

P3' 

C32' 

2.358(3) 

114.3(4) 

Pd' 

P3' 

C33' 

2.358(3) 

121.0(5) 

C32' 

P3' 

C33' 

1.792(13) 

103.1(6) 

Pd" 

cr 

C2' 

2.029(8) 

121.3(6) 

C2' 

cr 

C6' 

1.421(14) 

116.7(8) 

cr 

C2' 

C7' 

1.421(14) 

121.9(8) 

C2' 

C3' 

C4' 

1.383(14) 

120.3(11) 

C4' 

C5' 

C6' 

1.326(19) 

121.0(10) 

N' 

C7' 

C2' 

1.264(12) 

122.5(10) 

N' 

C8' 

CIO' 

1.461(16) 

112.7(11) 

Fl 

B 

F2 

1.341(1) 

109.5(1) 

F2 

B 

F3 

1.339(1) 

109.5(1) 

F2 

B 

F4 

1.339(1) 

109.5(1) 

F5 

B 

F6 

1.340(1) 

109.5(1) 

F6 

B 

F7 

1.340(1) 

109.5(1) 

F6 

B 

F8 

1.340(1) 

109.4(1) 

Fl' 

B* 

F2' 

1.340(1) 

109.5(1) 
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hZ 1-2-3 


F2' 

B' 

F3' 

1.339(1) 

109.5(1) 

FT 

B' 

F4' 

1.339(1) 

109.5(1) 

F5' 

B' 

F6' 

1.340(1) 

109.5(1) 

F6' 

B' 

F7' 

1.339(1) 

109.5(1) 

F6' 

B' 

F8' 

1.339(1) 

109.5(1) 

PI 

Pd 

P3 

2.324(3) 

96.3(1) 

PI 

Pd 

CI 

2.324(3) 

83.0(2) 

P3 

Pd 

CI 

2.360(3) 

174.6(2) 

Pd 

PI 

C12 

2.324(3) 

111.3(4) 

Pd 

PI 

C13 

2.324(3) 

117.3(4) 

C12 

PI 

C13 

1.760(11) 

102.6(6) 

Pd 

P2 

C22 

2.325(3) 

111.6(5) 

Pd 

P2 

C23 

2.325(3) 

116.6(5) 

C22 

P2 

C23 

1.787(13) 

102.7(6) 

Pd 

P3 

C32 

2.360(3) 

116.0(4) 

Pd 

P3 

C33 

2.360(3) 

115.2(6) 

C32 

P3 

C33 

1.813(13) 

103.4(8) 

Pd 

CI 

r?, 

2.048(7) 

121.7(5) 

C2 

CI 

C6 

1.393(12) 

116.6(7) 

CI 

C2 

07 

1.393(12) 

120.3(8) 

C2 

C3 

C4 

1.402(13) 

119.0(10) 

C4 

r^ 

C6 

1.364(16) 

119.90 

N 

C7 

C2 

1.238(13) 

125.4(10) 

N 

C8 

CIO 

1.457(15) 

108.3(11) 

PI' 

Pd' 

P2' 

2.312(3) 

164.8(1) 

P2' 

Pd' 

P3' 

2.324(3) 

95.1(1) 

P2' 

Pd' 

cr 

2.324(3) 

82.1(3) 

Pd" 

PI' 

cir 

2.312(3) 

117.4(5) 

cir 

PI' 

C12' 

1.761(13) 

99.8(6) 

cir 

PI' 

C13' 

1.761(13) 

106.6(8) 

Pd' 

P2' 

C21' 

2.324(3) 

120.3(4) 

C21' 

P2' 

C22' 

1.817(12) 

99.5(5) 

C21' 

P2' 

C23' 

1.817(12) 

103.6(5) 

Pd' 

P3' 

C31' 

2.358(3) 

113.5(4) 

C31' 

P3' 

C32' 

1.827(11) 

103.0(6) 

C31' 

P3' 

C33' 

1.827(11) 

99.5(7) 

C7' 

N* 

C8' 

1.264(12) 

116.2(10) 

Pd' 

cr 

C6' 

2.029(8) 

122.0(7) 

cr 

C2' 

C3' 

1.421(14) 

119.8(9) 

Table  A.2  Continued 
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1 


C3' 
C3' 

cr 

N' 

C9' 

Fl 

Fl 

F3 

F5 

F5 

F7 

Fl' 

Fl' 

F3' 

F5' 

F5' 

F7' 


C2' 

C4' 

C6' 

C8' 

C8' 

B 

B 

B 

B 

B 

B 

B' 

B' 

B' 

B' 

B' 

B' 


J- 


1-2 


C7' 

C5' 

C5' 

C9' 

CIO' 

F3 

F4 

F4 

F7 

F8 

F8 

F3' 

F4' 

F4' 

F7' 

F8' 

F8' 


1.383(14) 

1.403(17) 

1.377(12) 

1.461(16) 

1.485(23) 

1.341(1 

1.340(1 

1.340(1 

1.340(1 

1.340(1; 

1.340(1 

1.340(1 

1.340(1 

1.340(1 

1.340(1 

1.340(i: 

1.340(i; 


1-2-3 


118.3(10) 

119.6(10) 

122.5(9) 

107.6(12) 

111.2(12) 

109.4(1 

109.4(1 

109.5(1 

109.5(1 

109.5(1 

109. 5(i; 

109. 4(i: 

109.4(1 

109.5(1 

109.5(1 

109.5(1; 

109. 4(i; 


Table  A.3.    Fractional   coordinates    and   equivalent   isotropic  thermal 
parameters    (A^)  for  4. 


Atom  X 

Pd  0.3174(1) 

PI  0.2758(1) 

P2  0.3491(1) 

P3  0.3194(1) 

N  0.3914(3) 

CI  0.3098(3) 

C2  -0.3415(3) 

C3  0.3351(4) 

C4  0.2977(4) 

C5  0.2664(4) 

C6  0.2730(3) 

C7  0.3815(4) 

C8  0.4327(4) 

C9  0.4222(7) 

CIO  0.4602(5) 


-SL 


0.8866(1) 

0.7028(3) 

1.0565(3) 

1.0179(3) 

0.7181(10) 

0.7808(8) 

0.6859(9) 

0.6092(10) 

0.6324(10) 

0.7260(12) 

0.8022(9) 

0.6585(11) 

0.6764(15) 

0.6146(26) 

0.8024(18) 


0.0856(1) 

0.1189(1) 

0.0234(1) 

0.1896(2) 

0.0859(4) 

-0.0079(3) 

-0.0231(4) 

-0.0859(5) 

-0.1340(5) 

-0.1210(5) 

-0.0603(5) 

0.0285(6) 

0.1293(7) 

0.1945(9) 

0.1464(8) 


_LL 


0.0047(1) 

0.068(1) 

0.069(1) 

0.0075(1) 

0.0088(4) 

0.0045(3) 

0.0059(3) 

0.0071(4) 

0.0082(4) 

0.0075(4) 

0.0058(4) 

0.0082(5) 

0.0137(7) 

0.0250(16) 

0.0210(11) 
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Atom 

X 

V 

z 

U 

Cll 

-0.2886(6) 

0.6369(14) 

0.2072(6) 

0.0145(9) 

C12 

-0.2190(3) 

0.7438(13) 

0.1058(7) 

0.0109(6) 

C13 

0.2769(4) 

0.5387(10) 

0.0713(5) 

0.0088(5) 

C21 

0.3938(5) 

1.1654(15) 

0.0767(7) 

0.0134(7) 

C22 

0.3084(5) 

1.1747(12) 

-0.0199(7) 

0.0135(7) 

C23 

0.3761(5) 

0.9967(15) 

-0.0470(7) 

0.0132(7) 

C31 

0.2793(6) 

0.9923(15) 

0.2440(8) 

0.0142(8) 

C32 

0.3093(5) 

1.2035(13) 

0.1781(7) 

0.046(6) 

C33 

0.3693(5) 

1.0109(19) 

0.2477(7) 

0.0205(11) 

Pd' 

0.5682(5) 

1.3371(1) 

0.3496(1) 

0.0049(1) 

PI' 

0.5185(1) 

1.1704(3) 

0.3750(2) 

0.0078(1) 

P2' 

0.6077(1) 

1.4985(3) 

0.2943(1) 

0.0060(1) 

P3' 

0.5821(1) 

1.4463(3) 

0.4605(1) 

0.0081(1) 

N' 

0.6279(3) 

1.1309(8) 

0.3262(4) 

0.0079(3) 

cr 

0.5504(3) 

1.2675(9) 

0.2497(4) 

0.0055(3) 

C2' 

0.5743(3) 

1.1589(10) 

0.2222(5) 

0.0068(4) 

C3' 

0.5620(4) 

1.1163(12) 

0.1533(6) 

0.0089(5) 

C4' 

0.5265(5) 

1.1812(14) 

0.1101(6) 

0.0102(6) 

C5' 

0.5039(4) 

1.2806(14) 

0.1364(5) 

0.0088(5) 

C6' 

0.5153(3) 

1.3240(10) 

0.2048(5) 

0.0063(3) 

C7' 

0.6129(4) 

1.0929(11) 

0.2641(5) 

0.0077(4) 

C8' 

0.6680(5) 

1.0601(15) 

0.3602(7) 

0.0109(6) 

C9' 

0.6569(5) 

0.9866(17) 

0.4230(9) 

0.0167(10) 

CIO' 

0.0754(5) 

1.1559(16) 

0.3794(8) 

0.0151(9) 

cir 

0.5324(6) 

1.0765(15) 

0.4540(7) 

0.0164(9) 

C12' 

0.5060(5) 

1.0275(13) 

0.3144(7) 

0.0119(7) 

C13' 

0.4653(5) 

1.2392(18) 

0.3751(7) 

0.0157(9) 

C21' 

0.6574(4) 

1.5786(12) 

0.3419(6) 

0.0099(6) 

C22' 

0.6289(4) 

1.4405(12) 

0.2160(5) 

0.0086(5) 

C23' 

0.5731(4) 

1.6474(11) 

0.2618(6) 

0.0101(5) 

C31' 

0.5753(5) 

1.6356(11) 

0.4565(7) 

0.0115(6) 

C32' 

0.6377(5) 

1.4254(15) 

0.5058(6) 

0.0123(7) 

C33' 

0.5496(5) 

1.4076(15) 

0.5263(6) 

0.0148(8) 

B 

0.4438(2) 

0.6712(7) 

0.4056(3) 

0.0098(7) 

Fl 

0.4029 

0.6663 

0.3685 

0.0152(10) 

F2 

0.4453 

0.5953 

0.4642 

0.0153(11) 

F3 

0.4544 

0.8038 

0.4227 

0.0237(17) 

F4 

0.4727 

0.6196 

0.3668 

0.0152(10) 

F5 

0.4714 

0.7760 

0.4286 

0.0149(14) 
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Atpm 

X 

V 

z 

u 

F6 

0.4039 

0.7229 

0.3798 

0.0226(19) 

F7 

0.4599 

0.6013 

0.3549 

0.0350(41) 

F8 

0.4403 

0.5845 

0.4589 

0.0390(49) 

B* 

0.1830(2) 

0.6767(8) 

-0.3409 

0.0106(8) 

Fl" 

0.2027 

0.7047 

-0.3966 

0.0146(10) 

F2' 

0.1925 

0.7776 

-0.2928 

0.0255(16) 

F3 

0.1391 

0.6704 

-0.3614 

0.0182(12) 

F4' 

0.1976 

0.5540 

-0.3130 

0.0267(19) 

F5' 

0.2092 

0.6246 

-0.2846 

0.0177(12) 

F6' 

0.2015 

0.7920 

-0.3627 

0.0214(15) 

F7' 

0.1434 

0.7084 

-0.3239 

0.0212(18) 

F8' 

0.1778 

0.5817 

-0.3926 

0.0228(17) 

Table  A.4 

Anisotropic 

thermal    paramei 

ters^  for  the 

non-H  atoms  of 

compound    4. 


Atom 


JUL 


JI22_ 


_Lm. 


_L[12_ 


JJli. 


JLI12. 


Pd 

PI 

P2 

P3 

N 

CI 

C2 

C3 

C4 

C 

C6 

C7 

C8 

C9 


CIO  0, 

Cll  0 

C12  0 

C13  0. 

C21  0 

C22  0, 

C23  0 

C31  0 

C32  0 

C33  0 


057(1) 

094(2) 

085(2) 

103(3) 

070(6) 

076(6) 

056(5) 

097(8) 

119(9) 

090(9) 

066(6) 

084(8) 

120(11) 

254(26) 

141(15) 

254(21) 

085(9) 

122(9) 

125(11) 

188(15) 

185(15) 

297(23) 

233(18) 

192(17) 


0.044(1) 

0.053(2) 

0.063(2) 

0.068(2) 

0.112(7) 

0.046(4) 

0.053(6) 

0.052(6) 

0.070(7) 

0.078(8) 

0.044(5) 

0.071(7) 

0.157(13) 

0.347(8) 

0.235(21) 

0.099(11) 

0.091(9) 

0.045(6) 

0.170(15) 

0.079(9) 

0.116(12) 

0.104(11) 

0.094(10) 

0.295(26) 


0.041(1) 

0.062(1) 

0.061(1) 

0.054(2) 

0.076(5) 

0.032(4) 

0.051(5) 

0.069(7) 

0.055(5) 

0.050(6) 

0.063(6) 

0.085(7) 

0.111(11) 

0.113(13) 

0.215(20) 

0.086(9) 

0.158(12) 

0.098(8) 

0.108(10) 

0.125(11) 

0.115(10) 

0.176(15) 

0.119(15) 

0.105(12) 


-0.004(1) 
0.006(1) 
-0.009(1) 
-0.014(1) 
-0.026(5) 
-0.008(3) 
0.000(4) 
-0.018(5) 
-0.014(5) 
0.003(6) 
0.001(4) 
-0.006(6) 
-0.061(10) 
-0.051(19) 
0.093(17) 
0.033(8) 
-0.001(9) 
0.011(5) 
-0.027(9) 
0.032(8) 
-0.006(9) 
-0.049(11) 
-0.021(8) 
-0.097(15) 


0.009(1) 

0.026(1) 

0.019(1) 

0.018(2) 

-0.005(4) 

0.008(4) 

0.016(5) 

0.026(6) 

0.011(6) 

-0.006(6) 

0.003(5) 

-0.003(6) 

-0.047(9) 

-0.075(14) 

-0.090(14) 

0.037(11) 

0.044(8) 

0.020(7) 

0.027(8) 

-0.013(10) 

0.081(10) 

-0.156(16) 

0.088(12) 

-0.043(11) 


0.003(1) 
-0.005(1) 
-0.016(1) 
0.003(2) 
0.034(5) 
0.001(4) 
-0.004(5) 
-0.000(6) 
-0.015(6) 
-0.014(7) 
-0.004(5) 
0.024(6) 
0.077(10) 
-0.209(27) 
-0.071(15) 
-0.030(12) 
-0.025(7) 
-0.011(16) 
-0.092(11) 
-0.013(9) 
-0.065(1) 
-0.043(13) 
0.029(11) 
-0.082(18) 
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Atom 


_LIIL 


_U22_ 


_LI21. 


_U11. 


Jill. 


_L212_ 


Pd' 
PI' 
P2' 
P3' 

cv 
d' 

C3' 
C4' 
C5' 
C6' 

cr 

C8' 
C9' 


Fl 

F2 

F3 

F4 

F5 

F6 

F7 

F8 

B' 

Fl' 

F2' 

F3' 

F4' 

F5' 

F6' 

F7' 

F8' 


CIO"  0 

cir  0 

C12'  0 

CIS'  0 

C21'  0 

C22'  0 

C23'  0 

C31'  0 

C32'  0 

C33'  0 

B  0 


059(1) 

,099(2) 

061(2) 

,114(3) 

079(6) 

,059(6) 

.085(7) 

,115(10) 

,137(12) 

,088(9) 

,059(6) 

,097(8) 

,128(12) 

,140(16) 

,125(13) 

.237(18) 

.143(12) 

.181(17) 

.124(11) 

.080(8) 

.101(9) 

.146(13) 

.158(13) 

.243(18) 

.093(12) 

.144(16) 

,176(20) 

.131(16) 

.153(16) 

.113(16) 

.195(34) 

.353(79) 

.459(85) 

.131(15) 

.174(19) 

.174(24) 

.129(17) 

.350(39) 

.188(23) 

.213(26) 

.224(35) 

.248(29) 


0.0.450 

0.070(2) 

0.054(1) 

0.078(2) 

0.060(5) 

0.047(5) 

0.052(6) 

0.078(7) 

0.105(10) 

0.096(9) 

0.055(6) 

0.056(7) 

0.084(9) 

0.114(14) 

0.134(15) 

0.132(13) 

0.088(9) 

0.161(15) 

0.079(9) 

0.104(9) 

0.080(9) 

0.085(9) 

0.121(12) 

0.138(13) 

0.074(11) 

0.139(15) 

0.205(22) 

0.088(12) 

0.183(20) 

0.137(25) 

0.188(27) 

0.554(86) 

0.248(59) 

0.105(12) 

0.155(20) 

0.225(29) 

0.227(25) 

0.209(24) 

0.209(26) 

0.245(29) 

0.127(19) 

0.187(29) 


0.044(1) 
0.070(2) 
0.063(2) 
0.050(1)       - 
0.092(6)       ■ 
0.061(5)       ■ 
0.065(6)       ■ 
0.075(7)       ■ 
0.058(7)       - 
0.070(7) 
0.068(6) 
0.077(7) 
0.102(10)     ■ 
0.220(21) 
0.180(17) 
0.120(11)     ■ 
0.135(12)    ■ 
0.136(13)    ■ 
0.091(8) 
0.082(7) 
0.119(9) 
0.128(11)     ■ 
0.074(8)       ■ 
0.078(8)       ■ 
0.126(14)    • 
0.178(17)    ■ 
0.079(11) 
0.530(45)   ■ 
0.112(13)   ■ 
0.193(26) 
0.253(34)   ■ 
0.136(29)    ■ 
0.472(98) 
0.087(11) 
0.111(14)     ■ 
0.359(30) 
0.175(18) 
0.293(32) 
0.107(12) 
0.160(19) 
0.335(35) 
0.225(126)- 


0.001(1) 

0.001(1) 

0.005(1) 

0.014(1) 

0.004(4) 

0.006(4) 

0.008(5) 

0.031(6) 

0.006(7) 

0.005(7) 

0.007(5) 

0.011(5) 

0.002(8) 

0.000(15) 

0.026(12) 

0.023(10) 

0.003(8) 

0.005(12) 

0.014(7) 

0.017(7) 

0.047(7) 

0.034(8) 

0.016(8) 

0.042(8) 

0.027(10) 

0.048(12) 

0.039(12) 

0.017(7) 

0.046(13) 

0.005(19) 

0.149(29) 

0.092(44) 

0.140(57) 

0.014(10) 

0.021(13) 

0.159(25) 

0.082(16) 

0.132(24) 

0.045(15) 

0.117(21) 

0.007(21) 

0.120(24) 


0.008(1) 
0.030(2) 
0.006(1) 
0.010(2) 
-0.005(5) 
0.013(4) 
0.011(5) 
0.014(7) 
-0.002(7) 
-0.018(6) 
-0.010(5) 
0.015(6) 
-0.021(9) 
-0.068(15) 
-0.018(12) 
-0.021(11) 
0.052(10) 
0.052(12) 
0.010(8) 
0.032(6) 
0.013(7) 
0.062(10) 
-0.026(8) 
0.072(10) 
0.013(11) 
0.040(13) 
0.025(11) 
0.171(21) 
-0.005(11) 
-0.010(17) 
-0.091(29) 
-0.016(39) 
-0.103(72) 
0.035(11) 
0.027(12) 
0.025(22) 
-0.014(13) 
-0.210(29) 
-0.055(16) 
-0.042(17) 
-0.194(29) 
-0.036(22) 


-0.007(1) 
-0.031(2) 
-0.013(1) 
-0.011(2) 
0.022(5) 
-0.014(4) 
-0.012(5) 
-0.018(7) 
-0.053(9) 
-0.027(7) 
-0.017(5) 
0.000(6) 
0.045(9) 
-0.035(13) 
-0.052(12) 
-0.088(13) 
-0.052(9) 
-0.066(14) 
-0.036(8) 
-0.017(7) 
-0.004(7) 
-0.003(8) 
0.012(11) 
-0.069(13) 
-0.004(10) 
-0.047(12) 
-0.022(16) 
-0.014(11) 
0.079(14) 
0.033(16) 
0.116(28) 
-0.202(65) 
-0.176(57) 
0.036(12) 
0.041(16) 
0.088(21) 
-0.043(17) 
0.193(25) 
-0.047(21) 
-0.107(23) 
0.086(22) 
0.093(23) 


aThe   anisotropic   temperature   factor   exponent   takes   the   form: 
-27c2(h2a*2un  +  +  2hka*b*Ui2). 
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fran:r-(PMe^^9PdrPhVNHPhV15) 


Table  A.5     Crystallographic  Data  for  15. 


Crystal    Data 

a,  A 
b,k 

c,  A 

a,  deg 

P,  deg 

Y,  deg 

V,  A3 

dcalc,  g  cm-3  (298  K) 

Empirical    formula 

Formula  wt,  g 

Crystal    system 

Space   group 
Z 

Crystal  size  (mm^) 


8.423(3) 

10.768(4) 

12.565(4) 

68.81(3) 

71.90(3) 

87.653 

1006.7(7) 

1.411 

Ci8H29NP2Pd 

427.76 

Triclinic 

Pi 

2 

0.06  X  0.15  X  0.32 


Data    Collection 

Radiation/,^  (A) 

Scan  range  (co,  deg) 

Scan  rate,  deg  min"  1 

29  range,  deg 

Range  of  hkl 

Mode 

Bkgd    measurement 


Total   reflections    measured 
No.  of  unique  reflections 
Abs.  coeff.  ^i  (Mo-Ka),  mm"! 
Min./max.    transmission 


Mo-Ka/  0.71073 

1.5 

3.0-6.0 

3.0-45.0 

0<h<9,  -11  <k<  11,  -13  </<  13 

CO  scan 

symmetrically  over  X°  about  Kal2 

maximum  offset  1.0  and  -1.0  in  co 

from  Kal2   maximum 

2865 

2649 
1.08 

0.845/0.933 


•?/-, 
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Table  A. 5     Continued 

Structure      Refinement 

S,  goodness  of  fit 

Reflections   used 

No.  of  variables 

R,  Rw^  (%) 

Rint  (%) 

Max.    shift/esd 


2.34 

1944,  [I>3a(I)] 

228 

6.12,  7.52 

2.7 

0.001 


Min.  peak  in  diff.  four,  map  (e  A"3)  -0.66 

Max.  peak  in  diff.  four,  map  (e  A"3)  1.51 

^Relevant  expressions  are  as  follows,  where  in  the  footnote  Fq  and  Fc 

represent,    respectively,    the    observed    and    calculated    structure-factor 

amplitudes. 

Function  minimized  was  w(IFol  -  IFcl)^,  where  w=  (a(F))"2 

R  =  KIIFol  -  IFcll)  /  IIFol 

wR  =  [Iw(IFol  -  IFcl)2  /  Z  IFo|2]l/2 

S  =  [Iw(IFol  -  IFcl)2  /  (m-n)]l/2 


Table  A.6 

Bond  Lengths(A) 

and  Angles(°)  for  15, 

1 

2 
Pd 

3 

1-2 

1-2-3 

PI 

P2 

2.301(4) 

169.45(13) 

PI 

Pd 

N 

95.3(3) 

P2 

Pd 

N 

2.300(4) 

90.5(3) 

P2 

Pd 

Cll 

87.9(4) 

N 

Pd 

Cll 

2.116(13) 

176.5(4) 

Cll 

Pd 

PI 

2.03(2) 

86.8(4) 

CI 

PI 

C2 

1.816(14) 

103.1(7) 

CI 

PI 

C3 

103.3(6) 

CI 

PI 

Pd 

117.2(6) 

C2 

PI 

C3 

1.83(2) 

102.9(7) 

C2 

PI 

Pd 

116.5(4) 

C3 

PI 

Pd 

1.807(13) 

112.1(5) 

C4 

P2 

C5 

1.818(14) 

101.8(8) 

C4 

P2 

C6 

102.3(7) 
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1-2 


1-2-3 


C4 

P2 

Pd 

120.0(6) 

C5 

P2 

C6 

1.80(2) 

104.2(8) 

C5 

P2 

Pd 

118.1(5) 

C6 

P2 

Pd 

1.812(12) 

108.3(5) 

C21 

N 

Pd 

1.32(2) 

130.4(9) 

C12 

Cll 

C16 

1.41(2) 

116.7(14) 

C12 

Cll 

Pd 

123.1(10) 

C16 

Cll 

Pd 

1.37(2) 

119.8(10) 

C13 

C12 

Cll 

1.38(2) 

122.3(13) 

C14 

C13 

C12 

1.40(3) 

119.(2) 

C15 

C14 

C13 

1.38(2) 

119.(2) 

C16 

C15 

C14 

1.39(2) 

121.(2) 

Cll 

C16 

C15 

122.1(13) 

C22 

C21 

C26 

1.41(2) 

116.4(11) 

C22 

C21 

N 

120.7(14) 

C26 

C21 

N 

1.42(2) 

122.9(11) 

C23 

C22 

C21 

1.38(2) 

120.4(15) 

C24 

C23 

C22 

1.37(3) 

121.7(13) 

C25 

C24 

C23 

1.36(2) 

118.7(14) 

C26 

C25 

C24 

1.37(2) 

122.(2) 

C21 

C26 

C25 

120.9(12) 

Table  A.7    Fractional    coordinates    and   equivalent   isotropic^  thermal 
parameters  (A)  for  15. 


atom  X 

Pd  0.17008(11) 

PI  0.1071(4) 

P2  0.2711(4) 

N  0.2110(14) 

CI  0.086(2) 

C2  -0.084(2) 

C3  0.266(2) 

C4  0.185(2) 

C5  0.271(2) 

C6  0.4898(15) 

Cll  0.121(2) 

C12  0.246(2) 


0.00422(9) 
0.1447(3) 
-0.1477(3) 
0.1574(10) 
0.3184(12) 
0.0978(13) 
0.1550(13) 
-0.3208(14) 
-0.110(2) 
-0.163(2) 
-0.1485(12) 
-0.2057(12) 


0.29760(9) 
0.1309(3) 
0.4393(3) 
0.3567(9) 
0.1152(13) 
0.1105(12) 
-0.0077(11) 
0.5093(14) 
0.5677(12) 
0.3675(13) 
0.2512(11) 
0.1830(11) 


_LL 


0.0319(4) 

0.0395(14) 

0.043(2) 

0.055(6) 

0.062(7) 

0.056(7) 

0.061(7) 

0.070(8) 

0.067(8) 

0.066(7) 

0.048(6) 

0.049(6) 
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atom  X 

C13  0.213(2) 

C14  0.050(3) 

C15  -0.074(2) 

C16  -0.037(2) 
C21  0.336(2) 

C22  0.469(2) 

C23  0.597(2) 

C24  0.600(2) 

C25  0.474(2) 

C26  0.344(2) 


-0.3191(15) 

-0.3799(14) 

-0.3241(14) 

-0.2108(12) 

0.2512(11) 

0.2624(13) 

0.362(2) 

0.4525(14) 

0.4425(13) 

0.3464(12) 


0.1635(14) 
0.2128(15) 
0.2785(14) 
0.2975(12) 
0.3119(11) 
0.2062(12) 
0.1591(13) 
0.2120(14) 
0.3144(14) 
0.3645(11) 


_LL 


0.069(9) 

0.076(10) 

0.064(8) 

0.051(6) 

0.039(6) 

0.052(7) 

0.064(8) 

0.064(7) 

0.062(8) 

0.046(6) 


apor  anisotropic  atoms,  the  U  value  is  Ugq,  calculated  as  Ugq  =  1/3 
lilj  Uij  ai*  aj*  Aij  where  Ajj  is  the  dot  product  of  the  i^h  and  j^h 
direct  space  unit  cell     vectors. 

Table  A. 8  Anisotropic    thermal    parameters^  for  the  non-H  atoms  of 
compound    15. 


Atom 

Pd 

PI 

P2 

N 

CI 

C2 

C3 

C4 

C5 

C6 

Cll 

C12 

C13 

C14 

C15 

C16 

C21 

C22 

C23 

C24 

C25 

C26 


JILL 


0.0277(5) 

0.042(2) 

0.031(2) 

0.072(8) 

0.080(11) 

0.061(9) 

0.059(9) 

0.061(10) 

0.057(9) 

0.027(7) 

0.053(8) 

0.046(8) 

0.099(13) 

0.13(2) 

0.085(11) 

0.058(9) 

0.048(8) 

0.057(9) 

0.045(9) 

0.052(9) 

0.069(10) 

0.053(8) 


Ji22_ 


0.0312(5) 

0.032(2) 

0.054(2) 

0.041(8) 

0.039(11) 

0.053(9) 

0.056(9) 

0.062(10) 

0.115(9) 

0.091(7) 

0.042(8) 

0.054(8) 

0.062(13) 

0.03(2) 

0.049(11) 

0.035(9) 

0.033(8) 

0.051(9) 

0.081(9) 

0.054(9) 

0.044(10) 

0.049(8) 


m:^ 


0.0365(5) 

0.041(2) 

0.043(2) 

0.052(6) 

0.069(8) 

0.047(8) 

0.043(8) 

0.079(9) 

0.043(13) 

0.069(11) 

0.043(7) 

0.049(8) 

0.076(10) 

0.078(8) 

0.069(8) 

0.053(7) 

0.039(7) 

0.048(8) 

0.068(11) 

0.073(9) 

0.084(8) 

0.043(8) 


JIIZ. 


-0.003(4) 

0.004(2) 

0.006(2) 

-0.010(6) 

-0.003(8) 

0.004(7) 

-0.013(7) 

-0.001(8) 

0.026(7) 

0.007(7) 

0.008(7) 

0.005(6) 

0.038(10) 

0.010(12) 

-0.004(9) 

0.003(7) 

0.004(6) 

-0.008(7) 

0.002(8) 

-0.015(8) 

-0.003(9) 

0.014(6) 


_Lil2_ 


-0.0077(4) 

-0.0090(15) 

-0.011(2) 

-0.008(6) 

-0.026(7) 

-0.017(7) 

0.006(7) 
-0.031(8) 
-0.030(9) 
-0.014(9) 

0.001(6) 
-0.008(7) 
-0.044(9) 
-0.057(8) 
-0.041(8) 
-0.016(6) 
-0.021(6) 
-0.015(7) 
-0.018(9) 
-0.017(8) 
-0.032(8) 
-0.021(6) 


_U2i. 


-0.0137(6) 

-0.013(2) 

-0.018(2) 

-0.026(7) 

-0.020(10) 

-0.010(8) 

-0.007(8) 

-0.007(11) 

-0.036(8) 

-0.016(10) 

-0.022(8) 

-0.028(8) 

-0.050(11) 

-0.022(12) 

-0.019(10) 

-0.009(9) 

-0.012(7) 

-0.017(9) 

-0.031(10) 

-0.010(11) 

-0.029(11) 

-0.022(8) 
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^The  Uij  are  the  mean-square  amplitudes  of  vibration  in  A2  from  the 
general    temperature   factor   expressionexp[-27t2(h2a*2uil  +  k2b*2u22  + 
l2c*2u33  +  2hka*b*U12  +  2hla*c*U13  +  2klb*c*U23)] 


r(PMe2^PdrPhKLi-NHPh^l2r32^ 


Table  A.9     Crystallographic  Data  for  32. 


Crystal    Data 

a,  A 

b,  A 

c,  A 

a,  deg 

P,  deg 

Y,  deg 

V,  A3 

dcalc,  g  cm-3  (298  K) 

Empirical    formula 

Formula  wt,  g 

Crystal    system 

Space   group 

Z 

Crystal  size  (mm^) 


6.805(1) 

12.186(2) 

18.943(3) 

89.56(1) 

85.17(1) 

87.67(1) 

1564.0(4) 

1.494 

C30H40N2P2Pd2 

703.38 

Triclinic 

Pi 

2 

0.11  X  0.13  X  0.22 


Data    Collection 

Radiation/,^  (A) 

Scan  range  (o),  deg) 
Scan  rate,  deg  min"  1 
29  range,  deg 

Range  oi  hkl 

Mode 

Bkgd    measurement 


Mo-Ka/  0.71073 
1.2 

3.0-6.0 
3.0-45.0 

0  <  /i  <  7,  -13  <  it  <  13,  -20  <  /  <  20 
CO  scan 

symmetrically  over  X°  about  Kal2 
maximum  offset  1.0  and  -1.0  i  co 
from  Kal2   maximum 
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Total    reflections    measured  4544 

No.  of  unique  reflections  4122 

Abs.  coeff.  ^i  (Mo-Ka),  mm-1  11.77 

Min./max.    transmission  0.848/0.911 

Structure     Refinement 

S,  goodness  of  fit  1.34 

Reflections    used  3244,  [I>2a(I)] 

No.  of  variables  371 

R,Rwa(%)  3.76,   4.15 

Rint(%)  1.41 

Max.    shift/esd  0.001 

Min.  peak  in  diff.  four,  map  (e  A-3)  -0.41 

Max.  peak  in  diff.  four,  map  (e  A-3)  0.78 

^Relevant  expressions  are  as  follows,  where  in  the  footnote  Fq  and  Fc 

represent,    respectively,    the    observed    and    calculated    structure-factor 

amplitudes. 

Function  minimized  was  w(IFol  -  IFcO^,  where  w=  (a(F))-2 

R  =  KIIFol  -  IFcll)  /  IIFol 

wR  =  [Iw(IFol-IFcl)2/IIFo|2]l/2 

S  =  [Iw(IFol  -  IFcl)2  /  (m-n)]l/2 


Table  A.  10     Bond  Lengths(A)  and  Angles(°)  for  32. 

1-2  1-2-3 


p 

Pd 

N 

2.234(2) 

177.8(2) 

p 

Pd 

N(i) 

97.9(2) 

N 

Pd 

N(i) 

2.129(6) 

83.9(2) 

N 

Pd 

Cll 

91.2(2) 

N(i) 

Pd 

Cll 

2.148(6) 

174.6(2) 

Cll 

Pd 

P 

2.004(7) 

86.9(2) 

F 

Pd" 

N 

2.240(2) 

175.0(2) 

P* 

Pd" 

N(i) 

100.2(2) 
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1-2 1-2-3 


N' 

Pd* 

IsTd) 

2.135(6) 

83.3(2) 

N' 

Pd' 

Cir 

89.3(2) 

]sr(i) 

Pd' 

cir 

2.134(6) 

172.4(2) 

cir 

Pd' 

F 

2.007(6) 

87.2(2) 

Cl 

P 

C2 

1.798(8) 

101.7(4) 

Cl 

P 

C3 

103.9(4) 

Cl 

P 

Pd 

118.2(3) 

C2 

P 

C3 

1.823(8) 

103.3(4) 

C2 

P 

Pd 

115.6(3) 

C3 

P 

Pd 

1.817(9) 

112.3(3) 

cr 

F 

C2' 

1.822(8) 

101.5(4) 

cr 

P' 

n- 

101.7(4) 

cr 

P' 

Pd' 

118.0(3) 

C2' 

F 

C3' 

1.813(8) 

104.6(4) 

C2' 

F 

Pd' 

116.8(3) 

C3' 

F 

Pd' 

1.816(9) 

112.3(3) 

C21 

N 

Pd 

1.409(9) 

113.9(4) 

C21 

N 

Pd(i) 

120.2(5) 

Pd 

N 

Pd(i) 

96.1(2) 

C2r 

N' 

Pd' 

1.393(9) 

116.6(4) 

C2r 

N' 

Pd'(i) 

119.0(4) 

Pd' 

isr 

Pd'(i) 

96.7(2) 

C12 

Cll 

C16 

1.397(9) 

116.8(6) 

C12 

CU 

Pd 

121.5(5) 

C16 

Cll 

Pd 

1.370(10) 

121.6(5) 

C12' 

cir 

C16' 

1.396(10) 

116.4(6) 

C12' 

cir 

Pd' 

119.7(5) 

C16' 

cir 

Pd' 

1.381(10) 

123.0(5) 

C13 

C12 

Cll 

1.378(10) 

121.1(7) 

C13' 

C12' 

Cir 

1.384(10) 

120.6(7) 

C14 

C13 

C12 

1.362(13) 

120.1(7) 

C14' 

C13' 

C12' 

1.369(14) 

120.7(8) 

C15 

C14 

C13 

1.351(13) 

120.2(8) 

C15' 

C14' 

C13' 

1.369(13) 

119.3(8) 

C16 

C15 

C14 

1.384(11) 

119.9(8) 

C16' 

C15' 

C14' 

1.359(11) 

119.9(8) 

CU 

C16 

C15 

121.9(7) 

Cir 

C16' 

C15' 

123.1(8) 
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1-2 


1-2-3 


C22 

C21 

C26 

1.416(11) 

117.7(6) 

C22 

C21 

N 

121.7(7) 

C26 

C21 

N 

1.360(11) 

120.6(6) 

C22' 

C2r 

C26' 

1.397(9) 

118.0(6) 

C22' 

C2r 

]sr 

122.3(6) 

C26' 

C21' 

N" 

1.388(9) 

119.8(6) 

C23 

C22 

C21 

1.393(12) 

119.5(9) 

C23' 

C22' 

C21' 

1.395(12) 

120.6(7) 

C24 

C23 

C22 

1.37(2) 

120.9(10) 

C24' 

C23' 

C22' 

1.369(13) 

120.2(8) 

C25 

C24 

C23 

1.36(2) 

119.1(9) 

C25' 

C24' 

C23' 

1.386(13) 

119.4(9) 

C26 

C25 

C24 

1.373(11) 

120.9(10) 

C26' 

C25' 

C24' 

1.370(11) 

120.7(8) 

C21 

C26 

C25 

121.9(8) 

C21' 

C26' 

C25' 

121.1(7) 

Table  A.ll  Fractional   coordinates    and   equivalent   isotropic^  thermal 
parameters    (A^)  for  32. 


Atom 


JL 


Pd  0.07694(8) 

Pd*  -0.05004(7) 
P  0.0361(3) 

P'  -0.0467(3) 

N  0.1276(10) 

N'  -0.0396(9) 

CI  0.069(2) 

Cr  0.0045(15) 

C2  -0.2062(12) 

C2'  -0.2709(12) 

C3  0.2037(14) 

C3'  0.1447(13) 

Cll  0.2812(10) 

Cir  -0.1264(11) 

C12  0.2376(11) 


0.45833(4) 
0.06965(4) 
0.49762(14) 
0.0570(2) 
0.4192(5) 
0.0947(5) 
0.3879(7) 
-0.0778(6) 
0.5559(7) 
0.1011(7) 
0.6002(7) 
0.1371(7) 
0.3446(5) 
0.2293(5) 
0.2338(5) 


0.07292(3) 
-0.42936(2) 

0.18835(9) 
-0.31146(9) 
-0.0366(3) 
-0.5413(3) 

0.2508(4) 
-0.2733(4) 

0.2198(4) 
-0.2591(4) 

0.2132(4) 
-0.2781(4) 

0.0977(3) 
-0.4153(3) 

0.1052(3) 


0.0376(2) 

0.0359(2) 

0.0438(7) 

0.0446(7) 

0.046(2) 

0.038(2) 

0.077(5) 

0.070(4) 

0.068(3) 

0.066(3) 

0.071(4) 

0.072(4) 

0.041(3) 

0.044(3) 

0.047(3) 


Table  A.  11     Continued 


237 


Atom 


_LL 


C12' 

C13 

C13' 

C14 

C14' 

C15 

C15' 

C16 

C16' 

C21 

CIV 

C22 

C22' 

C23 

C23' 

C24 

C24' 

C25 

C25' 

C26 

C26' 


0.0188(12) 

0.3808(13) 
-0.0328(14) 

0.5679(13) 
-0.227(2) 

0.6155(12) 
-0.3709(14) 

0.4724(11) 
-0.3199(12) 

0.1063(11) 
-0.2084(10) 

0.2708(14) 
-0.2190(11) 

0.243(2) 
-0.3871(13) 

0.059(2) 
-0.5449(14) 
-0.098(2) 
-0.5371(12) 
-0.0744(12) 
-0.3726(10) 


0.3073(5 
0.1557(6 
0.4184(6 
0.1860(7 
0.4538(7 
0.2921(7 
0.3781(7 
0.3709(6 
0.2692(6 
0.3075(5 
0.1422(5 
0.2373(6 
0.2517(6 
0.1262(7 
0.2948(7 
0.0847(8 
0.2304(8 
0.1533(7 
0.1226(7 
0.2629(5 
0.0797(6 


-0.4223(3 

0.1198(4 
-0.4234(4 

0.1280(5 
-0.4186(4 

0.1197(5 
-0.4121(4 

0.1048(4 
-0.4107(4 
-0.0517(3 
-0.5676(3 
-0.0734(4 
-0.5900(4 
-0.0845(5 
-0.6192(4 
-0.0759(5 
-0.6255(5 
-0.0558(4 
-0.6016(4 
-0.0443(3 
-0.5728(3 


0.051(3 
0.061(3 
0.063(4 
0.074(4 
0.072(4 
0.071(3 
0.070(4 
0.054(3 
0.057(3 
0.042(3 
0.037(2 
0.064(4 
0.051(3 
0.086(5 
0.070(4 
0.093(6 
0.077(4 
0.073(4 
0.065(3 
0.053(3 
0.048(3 


^For  anisotropic  atoms,  the  U  value  is  Ueq,  calculated  as  Ueq  =  1/3 
XiZj  Uij  aj*  aj*  Ay  where  Ajj  is  the  dot  product  of  the  i^^  and  j^h 
direct  space  unit  cell     vectors. 

Table  A.  12  Anisotropic    thermal    parameters^  for  the  non-H  atoms 
compound    32. 


Atom 


JLill. 


_II22_ 


Am. 


Pd  0.0518(4)  0.0279(4) 

Pd"  0.0423(3)  0.0312(3) 

P  0.0614(13)  0.0364(13) 

P"  0.0551(12)  0.0422(12) 

N  0.054(4)  0.044(4) 

N  0.035(4)  0.035(4) 


_Lil2_ 


JULi. 


_U2i. 


0.0339(3)      0.0002(3)  -0.0098(2)  0.0017(3) 

0.0346(3)      0.0032(3)  -0.0073(2)  0.0001(3) 

0.0343(10)  0.0020(9)  -0.0094(8)  0.0004(10) 

0.0368(10)  0.0032(9)  -0.0077(8)  0.0007(10) 

0.040(4)        0.010(3)  -0.012(3)  -0.002(4) 

0.044(3)       -0.005(3)  -0.003(3)  0.005(4) 
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Atom 


illL 


_L[22. 


_LI21. 


_LIL2_ 


_mi. 


_II22_ 


CI 

cr 
a 

C2' 

a 

C3' 

Cll 

Cll" 

C12 

C12' 

C13 

C13' 

C14 

C14' 

C15 

C15' 

C16 

C16' 

C21 

C21' 

C22 

C22' 

C23 

C23' 

C24 

C24' 

C25 

C25' 

C26 

C26' 


0.135(9) 

0.107(8) 

0.073(6) 

0.067(6) 

0.096(8) 

0.078(7) 

0.053(5) 

0.060(5) 

0.051(5) 

0.069(6) 

0.086(6) 

0.099(7) 

0.064(6) 

0.125(9) 

0.041(5) 

0.076(7) 

0.056(5) 

0.058(5) 

0.059(5) 

0.042(4) 

0.086(7) 

0.055(5) 

0.152(10) 

0.083(7) 

0.180(12) 

0.074(7) 

0.115(8) 

0.048(5) 

0.076(6) 

0.041(4) 


0.055(9) 

0.054(8) 

0.075(6) 

0.076(6) 

0.070(8) 

0.084(7) 

0.037(5) 

0.039(5) 

0.037(5) 

0.037(6) 

0.035(6) 

0.039(7) 

0.067(6) 

0.037(9) 

0.082(5) 

0.061(7) 

0.038(5) 

0.054(5) 

0.037(5) 

0.034(4) 

0.056(7) 

0.040(5) 

0.044(10) 

0.051(7) 

0.040(12) 

0.084(7) 

0.054(8) 

0.075(5) 

0.033(6) 

0.046(4) 


0.040(5 

0.048(5 

0.053(6 

0.051(6 

0.049(6) 

0.059(7 

0.034(4 

0.034(4 

0.053(4 

0.046(4 

0.061(4 

0.051(5 

0.089(6 

0.054(5 

0.091(7 

0.071(6 

0.067(4 

0.059(5 

0.030(4 

0.035(4 

0.049(5 

0.059(4 

0.062(6 

0.074(5 

0.060(6 

0.075(7 

0.050(5 

0.073(6 

0.049(4 

0.053(4 


0.015(5 
0.004(5 
0.016(4) 
0.011(4 

-0.018(5 

-0.018(5 
0.002(3 
0.005(3 

-0.004(4 

-0.002(4 
0.006(5 

-0.010(5 
0.034(5 
0.028(5 
0.004(4 
0.023(5 

-0.003(4 
0.011(4 
0.007(3 
0.007(3 
0.022(4 

-0.001(4 
0.038(7 
0.024(5 
0.004(7 
0.029(5 

-0.013(5 
0.004(4 
0.007(4 
0.004(4 


-0.010(4 
-0.009(4 

0.002(5 

0.001(4 
-0.014(5) 
-0.031(5 
-0.007(3 
-0.010(3 
-0.012(3 
-0.004(3 
-0.008(3 
-0.009(3 
-0.018(5 
-0.018(4 
-0.014(5 
-0.010(4 
-0.000(4 
-0.011(4 
-0.006(3 

0.003(3 
-0.008(4 
-0.006(3 
-0.021(4 
-0.012(4 
-0.028(4 
-0.025(5 
-0.015(4 
-0.008(5 
-0.013(3 

0.004(3 


0.009(5 

0.014(5 

-0.003(5 

0.003(5 

-0.020(5 

0.007(6 

0.004(4 

-0.001(4 

0.005(5 

-0.000(4 

0.009(5 

0.003(5 

-0.013(7 

-0.007(5 

-0.024(7 

-0.006(6 

-0.001(5 

-0.004(5 

0.003(4 

0.006(4 

-0.003(5 

0.008(5 

-0.015(6 

0.017(6 

-0.008(6 

0.003(6 

0.002(5 

-0.003(6 

0.001(4 

0.005(4 


^The  Uij  are  the  mean-square  amplitudes  of  vibration  in  A^  from  the 
general    temperature   factor   expressionexp[-2jc^(h2a*2ull  +  k^b*^U22  + 
l2c*2u33  +  2hka*b*U12  +  2hla*c*U13  +  2klb*c*U23)] 


bi< 
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r(PMe3^)Pd(C^H4.CrH^=NPh¥^-NHPh^19(33) 


Table  A.  13  Crystallographic  Data  for  33. 


Crystal    Data 

a,  A 
b,k 

c,  A 

a,  deg 

P,  deg 

Y,  deg 

V,  A3 

dcalc,  g  cm-3  (298  K) 

Empirical    formula 

Formula  wt,  g 

Crystal    system 

Space   group 

Z 

Crystal  size  (mm^) 


9.588(1) 

18.709(3) 

23.444(4) 

90.98(2) 

4205(1) 
1.437 

C44H50N4P2Pd2 

909.62 

Monoclinic 

P21/C 

4 

0.10  X  0.17  X  0.39 


Data    Collection 

Radiation/, A,  (A) 

Scan  range  (co,  deg) 

Scan  rate,  deg  min"l 

20  range,  deg 

Range  oi  hkl 

Mode 

Bkgd    measurement 


Total    reflections    measured 
No.  of  unique  reflections 
Abs.  coeff.  |i  (Mo-Ka),  mm'l 
Min./max.    transmission 


Mo-Ka/  0.71073 
1.2 

3.0-6.0 

3.0-45.0 

0</i  <  11,  0  <ifc<22,  -27  </<  27 

(0  scan 

symmetrically  over  X°  about  Kal2 

maximum  offset  1.0  and  -1.0  in  o) 

from  Kal2   maximum 

8139 

7390 

0.97 

N/A 
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Structure     Refinement 

S,  goodness  of  fit  1.15 

Reflections    used  4318,  [I>2a(I)] 

No.  of  variables  5  87 

R,  Rw^(%)  34.94,    4.448 

Rint(%)  2.31 

max.    shift/esd  0.001 

Min.  peak  in  diff.  four,  map  (e  A-3)  -0.55 

Max.  peak  in  diff.  four,  map  (e  A-3)  0.70 

^Relevant  expressions  are  as  follows,  where  in  the  footnote  Fq  and  Fc 

represent,    respectively,    the    observed    and    calculated    structure-factor 

amplitudes. 

Function  minimized  was  w(IFol  -  IFcO^,  where  w=  (a(F))-2 

R  =  KIIFol  -  IFcll)  /  IIFol 

wR  =  [Sw(IFol-IFcl)2/ZIFo|2]l/2 

S  =  [Iw(IFol  -  IFcl)2  /  (m-n)]l/2 

Table  A.14     Bond  Lengths  (A)  and  Angles  (O)  for  33. 

1-2  1-2-3 


p 

Pd 

Nl 

2.233(2) 

97.2(2) 

p 

Pd 

Nl' 

178.3(2) 

Nl 

Pd 

Ni" 

2.148(6) 

83.8(3) 

Nl 

Pd 

CI 

174.6(3) 

Nl' 

Pd 

CI 

2.144(7) 

90.8(3) 

CI 

Pd 

p 

2.017(7) 

88.2(2) 

F 

Pd' 

Nl 

2.232(2) 

174.7(2) 

F 

Pd' 

Nl' 

96.4(2) 

Nl 

Pd' 

Nl' 

2.122(7) 

84.7(3) 

Nl 

Pd' 

cr 

90.2(3) 

Nl' 

Pd' 

cr 

2.134(7) 

174.1(3) 

cr 

Pd' 

p' 

2.021(7) 

89.0(2) 

C20 

P 

C21 

1.806(9) 

102.3(4) 

C20 

P 

C22 

102.9(4) 

C20 

P 

Pd 

115.0(3) 
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C21 

p 

C22 

C21 

p 

Pd 

C22 

p 

Pd 

C20' 

F 

C2r 

C20' 

F 

C22' 

C20' 

F 

Pd' 

C2r 

F 

C22' 

C2r 

F 

Pd' 

C22' 

F 

Pd' 

C14 

Nl 

Pd 

C14 

Nl 

Pd' 

Pd 

Nl 

Pd" 

C14' 

Nl" 

Pd 

C14" 

Nl' 

Pd' 

Pd 

Nl' 

Pd' 

C7 

N2 

C8 

C8 

N2 

C7' 

N2' 

C8' 

C8' 

N2' 

C2 

CI 

C6 

C2 

CI 

Pd 

C6 

CI 

Pd 

C2' 

cr 

C6' 

C2' 

cr 

Pd' 

C6' 

cr 

Pd* 

C3 

C2 

C7 

C3 

C2 

CI 

C7 

C2 

CI 

C3' 

C2' 

C7' 

C3' 

C2' 

cr 

C7' 

C2' 

cr 

C4 

C3 

C2 

C4' 

C3' 

C2' 

C5 

C4 

C3 

C5' 

C4' 

C3' 

C6 

C5 

C4 

C6' 

C5' 

C4' 

CI 

C6 

C5 

cr 

C6' 

C5' 

1-2  1-2-3 


1.819(9) 

103.1(4) 

112.9(3) 

1.797(10) 

118.6(3) 

1.791(9) 

102.8(4) 

105.0(4) 

115.6(3) 

1.798(9) 

101.7(4) 

115.4(3) 

1.796(10) 

114.7(3) 

1.428(10) 

120.0(5) 

120.1(5) 

94.7(3) 

1.402(11) 

114.7(5) 

120.5(5) 

94.5(3) 

1.272(12) 

118.6(7) 

1.426(12) 

1.262(11) 

117.4(7) 

1.439(13) 

1.383(11) 

116.9(7) 

123.3(6) 

1.395(11) 

119.8(6) 

1.402(11) 

117.1(7) 

121.2(5) 

1.375(11) 

121.5(6) 

1.390(13) 

119.5(8) 

120.0(8) 

1.472(12) 

120.5(7) 

1.391(12) 

121.0(8) 

120.0(8) 

1.460(12) 

119.0(7) 

1.36(2) 

122.5(10) 

1.34(2) 

121.9(9) 

1.38(2) 

118.2(10) 

1.38(2) 

118.7(9) 

1.378(13) 

120.1(10) 

1.385(13) 

120.4(9) 

122.3(9) 

121.7(9) 
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1-2  1-2-3 


N2 

C7 

C2 

123.8(8) 

N2' 

C7' 

C2' 

12S.4(8) 

C9 

C8 

C13 

1.380(14) 

119.9(10) 

C9 

C8 

N2 

116.6(9) 

C13 

C8 

N2 

1.35S(1S) 

123.4(9) 

C9' 

C8' 

C13' 

1.38(2) 

119.8(10) 

C9' 

C8' 

N2' 

123.1(9) 

C13' 

C8' 

N2' 

1.36(2) 

117.1(9) 

CIO 

C9 

C8 

1.38(2) 

118.0(11) 

CIO' 

C9* 

C8' 

1.39(2) 

119.2(11) 

Cll 

CIO 

C9 

1.3S(2) 

121.0(13) 

cir 

CIO' 

C9' 

1.39(2) 

119.0(13) 

C12 

Cll 

CIO 

1.33(2) 

121.2(14) 

C12' 

cir 

CIO' 

1.34(2) 

121.1(13) 

C13 

C12 

Cll 

1.39(2) 

119.1(12) 

C13' 

C12' 

Cll' 

1.37(2) 

119.S(13) 

C8 

C13 

C12 

120.7(11) 

C8' 

C13' 

C12' 

121.4(12) 

C15 

C14 

C19 

1.394(12) 

118.0(8) 

C15 

C14 

Nl 

121.1(7) 

C19 

C14 

Nl 

1.376(12) 

120.9(7) 

CIS- 

C14' 

C19' 

1.388(13) 

116.6(8) 

CIS' 

C14' 

Nl' 

123.S(8) 

C19' 

C14' 

Nl' 

1.407(12) 

119.9(7) 

C16 

CIS 

C14 

1.384(13) 

121.0(9) 

C16' 

CIS' 

C14' 

1.392(14) 

121.7(10) 

C17 

C16 

CIS 

1.34(2) 

120.2(10) 

C17' 

C16' 

CIS' 

1.37(2) 

120.3(10) 

C18 

C17 

C16 

1.379(15) 

120.8(10) 

C18' 

C17 

C16' 

1.36(2) 

119.S(10) 

C19 

C18 

C17 

1.404(13) 

119.3(9) 

C19' 

C18' 

CIT 

1.399(13) 

120.8(9) 

C14 

C19 

C18 

120.S(8) 

C14' 

CI  9' 

CI  8' 

120.9(8) 
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Table  A.  15  Fractional   coordinates    and   equivalent   isotropic^  thermal 
parameters    (A^)  for  33. 


Pd 

0.01737(6) 

0.58221(3) 

0.19086(2) 

0.0420(2) 

Pd' 

0.02161(6) 

0.55285(3) 

0.32279(2) 

0.0397(2) 

P 

0.0999(2) 

0.66380(12) 

0.13068(9) 

0.0527(9) 

F 

-0.1148(2) 

0.49775(12) 

0.38525(9) 

0.0504(8) 

Nl 

0.1393(7) 

0.6137(4) 

0.2644(3) 

0.042(3) 

Nl' 

-0.0682(8) 

0.5050(4) 

0.2481(3) 

0.046(3) 

N2 

0.1067(8) 

0.4012(4) 

0.0692(3) 

0.063(3) 

N2' 

0.3676(7) 

0.4562(4) 

0.4216(3) 

0.061(3) 

CI 

-0.1057(8) 

0.5457(4) 

0.1266(3) 

0.045(3) 

cr 

0.1244(8) 

0.5998(4) 

0.3888(3) 

0.043(3) 

C2 

-0.0697(9) 

0.4889(4) 

0.0921(3) 

0.048(3) 

C2' 

0.2442(8) 

0.5687(4) 

0.4133(3) 

0.046(3) 

C3 

-0.1629(11) 

0.4643(6) 

0.0504(4) 

0.068(4) 

C3' 

0.3198(10) 

0.6049(6) 

0.4553(4) 

0.058(4) 

C4 

-0.2908(12) 

0.4942(7) 

0.0417(4) 

0.080(5) 

C4' 

0.2844(12) 

0.6709(6) 

0.4725(4) 

0.066(5) 

C5 

-0.3291(10) 

0.5500(6) 

0.0763(4) 

0.069(4) 

C5' 

0.1654(12) 

0.7019(5) 

0.4495(4) 

0.060(4) 

C6 

-0.2378(9) 

0.5753(5) 

0.1175(4) 

0.058(3) 

C6' 

0.0866(10) 

0.6662(4) 

0.4085(3) 

0.052(4) 

C7 

0.0656(9) 

0.4527(5) 

0.1001(3) 

0.055(4) 

C7' 

0.2863(8) 

0.4976(5) 

0.3945(4) 

0.050(3) 

C8 

0.2400(10) 

0.3704(5) 

0.0812(3) 

0.057(4) 

C8' 

0.3938(9) 

0.3871(5) 

0.3969(5) 

0.062(3) 

C9 

0.2550(13) 

0.2987(5) 

0.0687(4) 

0.076(5) 

C9' 

0.4257(10) 

0.3777(7) 

0.3403(5) 

0.073(4) 

CIO 

0.384(2) 

0.2673(8) 

0.0792(5) 

0.095(6) 

CIO" 

0.4535(11) 

0.3091(8) 

0.3204(6) 

0.088(5) 

Cll 

0.4923(15) 

0.3061(8) 

0.0995(6) 

0.094(6) 

cir 

0.4451(11) 

0.2519(7) 

0.3579(7) 

0.088(4) 

C12 

0.4794(13) 

0.3755(7) 

0.1103(5) 

0.102(5) 

C12* 

0.4140(13) 

0.2620(8) 

0.4130(7) 

0.092(5) 

C13 

0.3511(12) 

0.4084(6) 

0.1008(5) 

0.084(5) 

C13' 

0.3890(11) 

0.3297(7) 

0.4323(5) 

0.077(5) 

C14 

0.2877(9) 

0.6074(4) 

0.2639(3) 

0.045(3) 

C14' 

-0.0392(8) 

0.4337(5) 

0.2344(3) 

0.049(4) 

C15 

0.3727(10) 

0.6572(5) 

0.2919(4) 

0.060(4) 
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Table  A.  15     Continued 


C15' 

-0.1335(11) 

0.3890(5) 

0.2064(4) 

0.061(4) 

C16 

0.5166(10) 

0.6526(6) 

0.2896(5) 

0.069(4) 

C16' 

-0.0973(13) 

0.3200(5) 

0.1900(4) 

0.066(5) 

C17 

0.5769(11) 

0.5990(6) 

0.2611(5) 

0.073(4) 

cir 

0.0301(14) 

0.2919(6) 

0.2057(4) 

0.078(5) 

C18 

0.4971(10) 

0.5478(6) 

0.2336(4) 

0.070(4) 

C18' 

0.1224(10) 

0.3329(5) 

0.2361(4) 

0.073(4) 

C19 

0.3511(10) 

0.5527(5) 

0.2349(3) 

0.058(4) 

C19' 

0.0896(10) 

0.4033(5) 

0.2508(4) 

0.059(4) 

C20 

0.1732(10) 

0.7426(5) 

0.1642(4) 

0.079(4) 

C20' 

-0.0280(9) 

0.4367(5) 

0.4328(4) 

0.074(4) 

C21 

0.2451(9) 

0.6309(5) 

0.0892(4) 

0.078(4) 

C21' 

-0.2520(9) 

0.4439(5) 

0.3545(4) 

0.080(4) 

C22 

-0.0163(10) 

0.7004(6) 

0.0773(4) 

0.097(5) 

C22' 

-0.2106(10) 

0.5566(5) 

0.4307(4) 

0.087(4) 

^For  anisotropic  atoms,  the  U  value  is  Ueq,  calculated  as  Ueq  =  1/3 
lilj  Ujj  ai*  aj*  Ajj  where   Ajj  is  the  dot  product  of  the  i^^  and  jth 
direct  space  unit  cell  vectors. 

Table  A.  16   Anisotropic    thermal    parameters^  for  the  non-H  atoms 
of  compound  33. 


Atom 

Ull 
0.0429(4) 

U22 

U33 

U12 

U13 

U23 

Pd 

0.0477(4) 

0.0353(4) 

-0.0003(3) 

-0.0005(3) 

-0.0009(3) 

Pd' 

0.0412(3) 

0.0434(3) 

0.0344(4) 

-0.0016(3) 

0.0002(3) 

-0.0013(3) 

P 

0.059(2) 

0.057(2) 

0.043(2) 

-0.0046(11) 

0.0012(10) 

0.0067(12) 

P' 

0.0470(14) 

0.0585(14) 

0.0458(15)-0. 0075(11) 

0.0020(11) 

0.0052(12) 

Nl 

0.041(4) 

0.039(4) 

0.047(4) 

-0.004(3) 

0.002(3) 

0.001(4) 

Nl' 

0.038(5) 

0.056(5) 

0.045(5) 

-0.001(4) 

-0.005(3) 

-0.003(4) 

N2 

0.068(5) 

0.066(5) 

0.056(5) 

-0.003(4) 

0.004(4) 

-0.015(4) 

N2' 

0.055(5) 

0.063(5) 

0.066(5) 

-0.002(4) 

-0.012(4) 

0.006(5) 

CI 

0.038(5) 

0.057(5) 

0.040(5) 

-0.001(4) 

-0.005(4) 

0.006(4) 

cr 

0.057(5) 

0.038(5) 

0.034(5) 

-0.013(4) 

0.010(3) 

0.007(4) 

a 

0.056(6) 

0.055(6) 

0.033(6) 

-0.001(4) 

0.000(4) 

-0.015(4) 

C2' 

0.047(5) 

0.048(5) 

0.042(6) 

-0.011(4) 

0.007(4) 

-0.009(4) 

C3 

0.065(7) 

0.076(7) 

0.064(8) 

0.012(6) 

0.006(6) 

-0.014(7) 

C3' 

0.048(6) 

0.072(6) 

0.054(8) 

-0.015(5) 

-0.004(5) 

-0.002(6) 

Table  A. 16   Continued 
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Atom        Ull 


iI22_ 


_LI31 


U12 


JJll. 


_LI21 


C4 
C4' 
C5 
C5' 
C6 
C6' 

a 

cr 

C8 
C8' 
C9 
C9' 

CIO 
CIO' 
Cll 

cir 

C12 

C12" 

C13 

C13' 

C14 

C14' 

C15 

C15' 

C16 

C16' 

C17 

C17' 

C18 

C18' 

C19 

C19' 

C20 

C20' 

C21 

C2r 

C22 

C22' 


0.065(8) 

0.078(8) 

0.047(6) 

0.083(8) 

0.055(6) 

0.069(7) 

0.061(6) 

0.037(5) 

0.057(6) 

0.043(6) 

0.086(8) 

0.052(6) 

0.113(12) 

0.061(7) 

0.075(10) 

0.056(7) 

0.070(8) 

0.079(8) 

0.073(8) 

0.067(7) 

0.055(6) 

0.056(6) 

0.049(6) 

0.067(7) 

0.049(7) 

0.089(9) 

0.044(6) 

0.112(10) 

0.061(6) 

0.067(7) 

0.065(6) 

0.057(6) 

0.103(8) 

0.060(6) 

0.079(7) 

0.074(6) 

0.096(8) 

0.094(7) 


0.112(8) 

0.070(8) 

0.090(6) 

0.035(8) 

0.063(6) 

0.045(7) 

0.064(6) 

0.066(5) 

0.060(6) 

0.061(6) 

0.062(8) 

0.083(6) 

0.070(12) 

0.107(7) 

0.101(10) 

0.057(7) 

0.088(8) 

0.088(8) 

0.048(8) 

0.085(7) 

0.051(6) 

0.055(6) 

0.070(6) 

0.062(7) 

0.086(7) 

0.054(9) 

0.091(6) 

0.052(10) 

0.075(6) 

0.056(7) 

0.053(6) 

0.059(6) 

0.061(8) 

0.079(6) 

0.084(7) 

0.098(6) 

0.110(8) 

0.086(7) 


0.062(9) 

0.051(8) 

0.069(8) 

0.062(6) 

0.057(7) 

0.041(6) 

0.039(6) 

0.046(6) 

0.055(6) 

0.080(7) 

0.080(7) 

0.084(9) 

0.102(9) 

0.097(11) 

0.105(11) 

0.151(8) 

0.147(9) 

0.109(10) 

0.132(8) 

0.078(9) 

0.030(5) 

0.036(7) 

0.060(7) 

0.054(7) 

0.073(8) 

0.055(6) 

0.084(9) 

0.070(7) 

0.074(7) 

0.097(7) 

0.055(6) 

0.061(7) 

0.074(6) 

0.083(7) 

0.073(7) 

0.068(8) 

0.084(9) 

0.081(8) 


0.001(6) 
-0.035(6) 
0.008(5) 
-0.011(6) 
-0.001(5) 
-0.004(5) 
-0.003(4) 
-0.012(4) 
0.007(5) 
0.005(5) 
0.005(6) 
0.004(6) 
0.036(8) 
0.013(7) 
0.032(8) 
0.009(8) 
0.011(8) 
0.007(8) 
0.008(7) 
0.002(6) 
0.001(4) 
-0.018(4) 
0.004(5) 
-0.008(5) 
0.001(5) 
-0.024(6) 
-0.000(6) 
-0.013(7) 
0.024(5) 
0.009(6) 
0.006(5) 
-0.004(5) 
-0.013(6) 
-0.018(5) 
-0.014(6) 
-0.037(5) 
-0.022(6) 
-0.011(6) 


-0.006(6) 

-0.000(5) 

-0.016(6) 

0.025(5) 

0.002(5) 

-0.004(4) 

-0.004(5) 

-0.005(5) 

0.010(5) 

-0.012(6) 

0.004(6) 

-0.016(7) 

-0.005(7) 

-0.011(9) 

-0.006(8) 

-0.019(9) 

0.003(8) 

-0.006(9) 

-0.006(7) 

-0.008(7) 

0.001(4) 

0.003(4) 

-0.003(5) 

-0.004(5) 

-0.001(6) 

-0.014(5) 

0.002(6) 

-0.008(5) 

0.018(6) 

0.010(6) 

0.006(5) 

-0.010(5) 

0.015(5) 

0.000(5) 

0.025(6) 

0.002(6) 

-0.012(7) 

0.040(6) 


-0.017(7) 
-0.016(6) 

0.010(7) 
-0.010(6) 
-0.005(5) 
-0.004(5) 

0.006(5) 

0.005(5) 
-0.005(5) 

0.005(7) 
-0.012(7) 

0.002(8) 
-0.021(9) 
-0.031(10) 
-0.003(10) 
-0.015(13) 
-0.002(11) 
-0.003(11) 
-0.009(10) 
-0.006(8) 

0.005(4) 
-0.005(4) 
-0.014(6) 
-0.003(6) 
-0.003(7) 
-0.011(6) 

0.011(8) 

-0.007(7) 

-0.005(7) 

-0.002(8) 

-0.012(5) 

-0.003(6) 

0.004(6) 

0.036(6) 

-0.013(6) 

0.013(6) 

0.051(7) 

0.003(7) 


^The  Uij   are  the  mean-square  amplitudes  of  vibration  in  A^  from  the 
general    temperature   factor   expressionexp[-27t2(h2a*2uil  -i-  k2b*2u22  + 
l2c*2u33  +  2hka*b*U12  -i-  2hla*c*U13  +  2klb*c*U23)] 
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\(PMei)iPd(CUi)(iL-CU2P^^l^^l(40) 


Table  A.  17     Crystallographic  Data  for  40. 


Crystal    data 


a,    A 

22.332(4) 

b,    A 

8.825(1) 

c,   A 

11.994(3) 

a,  deg. 

90 

P,  deg. 

90 

Y,  deg. 

90 

V,A3 

2363.8(8) 

^calc.  g  cm-3(298  K) 

1.532 

Empirical    formula 

C14H40P4PD2 

Formula  wt,  g 

545.14 

Crystal    system 

Orthorhombic 

Space   group 

Pccn 

Z 

4 

Crystal  size  (mm^) 

0.22  X  0.14  X  0.11 

Data    collection 

Radiation,  X  (A) 

Mo-Ka,  0.71073 

Mode 

co-scan 

Scan  range 

Symmetrically   over    1.2 

maximum 

about  Kai,2 

Background 

offset  1.0  and  -1.0  in  co 

maxmum 

from  Kai^2 

Scan  rate,  deg.  min."^ 

3-6 

29  range,  deg. 

3-48 

Range  of  h  k  I 

0       <     h       <  25 

0       <     ^       <    10 

0       <       /       <    13 

Total    reflections    measured 

2165 

Unique    reflections 

1862 
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Table  A.  17     Continued 

Absorption  coeff.  p,  (Mo-Ka),  cm'^  1224 

Min.  &  Max.  Transmission  N/A 

Structure     refinement 

S,   Goodness-of-fit  1.48 

Reflections  used,  I  >  2a(I)  1224 

No.  of  variables  9  1 

R,wR*(%)  4.16,   5.00 

Rint.  (%)  0 

Max.    shift/esd  0.001 

Min.  peak  in  diff.  four,  map  (e  A'^)             -0.47 

Max.  peak  in  diff.  four,  map  (e  A'^)             0.88 

*  Relevant  expressions  are  as  follows,  where  in  the  footnote  Fq  and  Fc 

represent,    respectively,    the    observed    and    calculated    structure-factor 

amplitudes. 

Function  minimized  was  w(IFol  -  IFcl)^,  where  w=  (a(F))"2 

R  =  KIIFol  -  IFcil)  /  ZIFol 

wR  =  [Iw(IFol  -  IFcl)2 /IIFo|2]l/2 

S  =  [Sw(IFol  -  IFcl)2  /  (m-n)]l/2 

Table  A.  18     Bond  Lengths  (A)  and  Angles  (O)  for  40. 

1-2  1-2-3 


PI 

Pd 

P2 

2.321(2) 

99.33(9) 

PI 

Pd 

CI 

175.0(2) 

P2 

Pd 

CI 

2.300(3) 

85.5(2) 

P2 

Pd 

C2 

172.5(2) 

CI 

Pd 

C2 

2.332(7) 

87.1(3) 

C2 

Pd 

PI 

2.108(8) 

88.0(2) 

C2a 

PI 

C3 

1.789(8) 

104.1(4) 

C2a 

PI 

C4 

101.4(4) 

C2a 

PI 

Pd 

118.0(3) 

C3 

PI 

C4 

1.826(10) 

103.2(4) 

Table  A.  18     Continued 
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1-2 


1-2-3 


C3 

PI 

Pd 

C4 

PI 

Pd 

C2 

Pla 

r5 

P2 

C6 

C5 

P2 

C7 

C5 

P2 

Pd 

C6 

P2 

C7 

C6 

P2 

Pd 

C7 

P2 

Pd 

Pd 

C2 

Pla 

111.8(3) 

1.843(10) 

116.5(3) 

1.789(8) 

1.810(10) 

99.5(5) 

103.4(4) 

114.4(3) 

1.803(11) 

99.7(5) 

124.5(3) 

1.820(9) 

112.5(3) 

110.4(4) 

Table  A.  19   Fractional    coordinates    and    isotropic^  thermal    parameters 
(A2)  for  40. 


Pd  0.15551(3) 

PI  0.21430(10) 

Pla  0.28570(10) 

P2  0.08171(11) 

CI  0.1013(3) 

C2  0.2158(3) 

C2a  0.2842(3) 

C3  0.1751(4) 

C4  0.2378(4) 

C5  0.0690(4) 

C6  0.0820(4) 

C7  0.0086(4) 


0.21721(7) 
0.4302(3) 
0.0698(3) 
0.3239(3) 
-0.0072(9) 
0.0945(10) 
0.4055(10) 
0.5725(11) 
0.5368(11) 
0.2283(12) 
0.5176(12) 
0.3186(11) 


0.06481(6) 

0.0345(2) 

0.0345(2) 

0.1731(2) 

0.0833(6) 

-0.0360(7) 

-0.0360(7) 

-0.0486(8) 

0.1593(8) 

0.3045(7) 

0.2211(10) 

0.1061(8) 


U 


0.0496(2) 

0.0503(8) 

0.0503(8) 

0.0575(9) 

0.040(3) 

0.054(3) 

0.054(3) 

0.074(4) 

0.070(4) 

0.077(4) 

0.094(5) 

0.069(4) 


apor  anisotropic  atoms,  the  U  value  is  Ugq,  calculated  as  Ugn  =  1/3 
2^i2^j  Uij  ai*  aj*  Ajj  where  Ajj  is  the  dot  product  of  the  i^h  and  jth 
direct  space  unit  cell     vectors. 
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Table  A.20  Anisotropic    thermal    parameters^  for  the  non-H  atoms  of 
compound    40. 


Atom 


ilil 


U22 


im. 


U12 


JUL 


_L[21 


Pd 

PI 

Pla 

P2 

CI 

a 

C2a 

a 

C4 
C5 
06 

a 


0.0442(4) 

0.0497(14) 

0.0497(14) 

0.0462(14) 

0.029(4) 

0.049(5) 

0.049(5) 

0.064(6) 

0.072(7) 

0.062(6) 

0.065(7) 

0.055(6) 


0.0434(4) 

0.0425(13) 

0.0425(13) 

0.062(2) 

0.054(5) 

0.054(6) 

0.054(6) 

0.066(7) 

0.064(7) 

0.109(9) 

0.093(9) 

0.088(8) 


0.0613(4) 

0.059(2) 

0.059(2) 

0.064(2) 

0.035(5) 

0.060(6) 

0.060(6) 

0.091(8) 

0.074(7) 

0.062(6) 

0.125(10) 

0.065(6) 


-0.0012(4) 
0.0042(11) 
0.0042(11) 
0.0029(13) 
-0.019(4) 
-0.007(5) 
-0.007(5) 
0.019(6) 
-0.016(6) 
0.007(6) 
-0.016(8) 
0.001(6) 


0.0011(4) 
-0.0020(12) 
-0.0020(12) 

0.0036(12) 
-0.004(3) 
-0.005(5) 
-0.005(5) 
-0.001(6) 

0.001(5) 
-0.006(5) 

0.025(7) 
-0.007(5) 


-0.0019(3) 
0.0008(11) 
0.0008(11) 
0.0029(12) 
0.015(4) 
-0.003(4) 
-0.003(4) 
0.015(5) 
-0.010(5) 
-0.007(6) 
0.009(6) 
0.011(5) 


^The  Uij  are  the  mean-square  amplitudes  of  vibration  in  A2  from  the 
general    temperature   factor   expressionexp[-27t2(h2a*2uil  -i-  k:2b*2u22  -»- 
l2c*2u33  -I-  2hka*b*U12  +  2hla*c*U13  +  2klb*c*U23)] 


trans-(PMc2)iPd(Ph)\CU2pOCC=C(COOC¥[i)Ny{PhV^O^ 


Table  A. 21     Crystallographic  Data  for  50. 

Crystal    data 

a,  A 

b,  A 

c,  A 

b,  deg. 

V,A3 

^calc,  g  cm-3(298  K) 

Empirical    formula 

Formula  wt,  g 

Crystal    system 

Space   group 

Z 

F(OOO),    electrons 


9.679(1) 

21.514(4) 

14.005(3) 

109.76(1) 

2744.6(8) 

1.379 

C24H35N04P2Pd 

569.6 

Monoclinic 

P2i/c 

4 

1176 
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Table  A.21     Continued 


Crystal  size  (mm^) 


0.07  X  0.10  X  0.42 


Data    collection  (298  K) 
Radiation,  1  (A) 
Mode 
Scan  range 

Background 

Scan  rate,  deg.  min."^ 
29  range,  deg. 
Range  of  h  k  I 


Total    reflections    measured 

Unique    reflections 

Absorption  coeff.  m  (Mo-Ka),  cm"^ 


Mo-Ka,  0.71069 
co-scan 

symmetrically    over    1.2oo 
about  Kai,2   maximum 
offset  1.0  and  -1.0  in  o) 
from  Kfxi  2  maximum 
3-6 


3-45 

0       < 

0       < 

14       < 

3989 

3605 
8.2 


< 
< 
< 


10 

23 
14 


Structure      refinement 

S,   Goodness-of-fit 

Reflections  used,  I  >  3s(I) 

No.  of  variables 

R,  wR*  (%) 

R,  wR*  ,  all  data  (%) 

Rint.  (%) 

Max.    shift/esd 

Min.  peak  in  diff.  four,  map  (e  A"^) 

Max.  peak  in  diff.  four,  map  (e  A"^) 


1.37 
2323 
405 

4.32,   4.62 
8.23,   5.65 
2.19 
0.1 
-0.37 
0.37 


*  Relevant  expressions  are  as  follows,  where  in  the  footnote  Fq  and  Fc 
represent,  respectively,  the  observed  and  calculated  structure-factor 
amplitudes. 
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Table  A.21     Continued 


Function  minimized  was  w(IFol  -  IFcl)^,  where  w=  (s(F))"2 

R  =  A(IIFol  -  IFcll)  /  AlFol 

wR  =  [Aw(IFol  -  IFcl)2  /  A  IFo|2]l/2 

S  =  [Aw(IFol  -  IFcl)2  /  (m-n)]l/2 

Table  A.22    Bond  Lengths  (A)  and  Angles  (O)  for  50. 

1-2  1-2-3 


PI 

Pd 

P2 

2.298(2) 

174.29(10) 

PI 

Pd 

CI 

87.8(2) 

P2 

Pd 

CI 

2.309(2) 

87.9(2) 

P2 

Pd 

C7 

92.1(2) 

CI 

Pd 

C7 

2.070(9) 

175.8(3) 

C7 

Pd 

PI 

2.075(8) 

92.5(2) 

C19 

PI 

C20 

1.81(2) 

101.1(7) 

C19 

PI 

C21 

102.3(5) 

C19 

PI 

Pd 

118.5(4) 

C20 

PI 

C21 

1.801(15) 

105.5(5) 

C20 

PI 

Pd 

113.1(4) 

C21 

PI 

Pd 

1.803(9) 

114.6(3) 

C22 

P2 

C23 

1.816(10) 

102.5(5) 

C22 

P2 

C24 

101.6(5) 

C22 

P2 

Pd 

118.2(3) 

C23 

P2 

C24 

1.825(10) 

103.9(6) 

C23 

P2 

Pd 

112.9(3) 

C24 

P2 

Pd 

1.79(2) 

115.9(4) 

C9 

09a 

1.204(10) 

C9 

09b 

CIO 

1.352(9) 

116.0(7) 

CIO 

09b 

1.45(2) 

Cll 

011a 

1.182(12) 

Cll 

011b 

C12 

1.338(9) 

114.0(9) 

C12 

011b 

1.42(2) 

C8 

N 

C13 

1.429(12) 

122.9(7) 

C13 

N 

1.397(11) 

C2 

CI 

C6 

1.395(15) 

113.9(9) 

C2 

CI 

Pd 

122.5(7) 

C6 

CI 

Pd 

1.382(14) 

123.6(8) 

C3 

C2 

CI 

1.38(2) 

123.3(10) 

Table  A.22     Continued 
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1-2 


1-2-3 


C4 

C3 

C2 

1.33(2) 

119.7(12) 

C5 

C4 

C3 

1.36(2) 

120.8(13) 

C6 

C5 

C4 

1.39(2) 

118.7(12) 

CI 

C6 

C5 

123.5(12) 

C8 

C7 

C9 

1.336(10) 

121.2(7) 

C8 

C7 

PD 

127.8(6) 

C9 

C7 

PD 

1.469(13) 

111.0(5) 

Cll 

C8 

N 

1.492(12) 

116.6(6) 

Cll 

C8 

C7 

122.1(8) 

N 

C8 

C7 

121.0(8) 

09a 

C9 

09b 

122.1(8) 

09a 

C9 

C7 

125.8(7) 

09b 

C9 

C7 

111.5(7) 

011a 

Cll 

011b 

123.5(8) 

011a 

Cll 

C8 

124.6(7) 

011b 

Cll 

C8 

112.0(7) 

C14 

C13 

C18 

1.389(12) 

118.9(8) 

C14 

C13 

N 

121.9(8) 

C18 

C13 

N 

1.379(14) 

119.2(8) 

C15 

C14 

C13 

1.385(14) 

119.4(10) 

C16 

C15 

C14 

1.35(2) 

121.9(11) 

C17 

C16 

C15 

1.39(2) 

118.5(11) 

CIS 

C17 

C16 

1.370(15) 

120.6(12) 

C13 

C18 

C17 

120.6(10) 

Table  A.23   Fractional   coordinates   and   equivalent      isotropic^  thermal 
parameters    (A^)  for  50. 


Pd 

.10331(6) 

.18589(3) 

.15792(4) 

.0412(2) 

PI 

.2978(2) 

.24024(12) 

.2663(2) 

.0556(10) 

P2 

-.0774(2) 

.12930(10) 

.0394(2) 

.0467(9) 

09a 

-.0453(6) 

.2373(3) 

.3469(4) 

.052(2) 

09b 

-.2191(6) 

.1890(3) 

.2213(4) 

.053(2) 

011a 

-.2548(6) 

.3364(3) 

.2117(5) 

.066(3) 

011b 

-.2823(6) 

.3746(3) 

.0590(4) 

.055(2) 

N 

-.0367(8) 

.3225(4) 

.0511(6) 

.048(3) 
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Table  6.3     Continued 


CI 

.2526(8) 

.1196(4) 

.1476(6) 

.052(4) 

C2 

.3316(10) 

.1255(5) 

.0812(7) 

.058(4) 

C3 

.4304(11) 

.0815(6) 

.0723(9) 

.072(5) 

C4 

.4550(13) 

.0306(7) 

.1300(10) 

.084(6) 

C5 

.3824(14) 

.0210(6) 

.1968(9) 

.088(6) 

C6 

.2840(12) 

.0661(5) 

.2054(8) 

.072(5) 

C7 

-.0485(7) 

.2484(4) 

.1769(5) 

.037(3) 

C8 

-.0941(8) 

.3017(3) 

.1271(5) 

.036(3) 

C9 

-.1034(8) 

.2279(4) 

.2575(6) 

.042(3) 

CIO 

-.2664(15) 

.1580(6) 

.2965(9) 

.065(5) 

Cll 

-.2171(8) 

.3387(3) 

.1398(6) 

.041(3) 

C12 

-.396(2) 

.4124(7) 

.0692(11) 

.080(6) 

C13 

.0456(8) 

.3769(4) 

.0607(6) 

.041(3) 

C14 

.0584(9) 

.4197(4) 

.1375(7) 

.054(4) 

C15 

.1397(12) 

.4733(5) 

.1424(9) 

.077(5) 

C16 

.2109(12) 

.4846(5) 

.0761(9) 

.086(5) 

C17 

.1954(12) 

.4422(5) 

-.0021(9) 

.072(5) 

C18 

.1145(10) 

.3891(4) 

-.0089(7) 

.053(4) 

C19 

.2599(14) 

.3098(8) 

.3260(11) 

.092(7) 

C20 

.4206(13) 

.2702(7) 

.2053(9) 

.075(6) 

C21 

.4116(9) 

.1962(5) 

.3735(6) 

.081(5) 

C22 

-.2503(11) 

.1677(5) 

-.0274(8) 

.056(4) 

C23 

-.1363(11) 

.0615(4) 

.0939(8) 

.078(5) 

C24 

-.0292(14) 

.0982(7) 

-.0635(10) 

.075(6) 

apor  anisotropic  atoms,  the  U  value  is  Ugq,  calculated  as  Ugn  =  1/3 
Silj  Uij  ai*  aj*  Ay  where  Ay  is  the  dot  product  of  the  i^h  and  j^h 
direct  space  unit  cell     vectors. 
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Table  A.24  Anisotropic    thermal    parameters^  for  the  non-H  atoms  of 
compound    50. 


Atom 


illl 


U22 


im 


U12 


Pd 

.0373(3) 

.0493(3) 

.0383(4) 

.0056(2) 

.0144(4) 

.0014(3) 

PI 

.0391(13) 

.0812(13) 

.045(2) 

-.0034(10) 

.0127(13) 

-.0062(13) 

P2 

.0456(13) 

.0454(13) 

.0486(14) 

.0005(10) 

.0154(11) 

-.0036(13) 

09a 

.062(4) 

.060(4) 

.037(4) 

-.007(3) 

.019(3) 

.003(3) 

09b 

.051(3) 

.060(3) 

.050(4) 

-.006(3) 

.020(3) 

.009(3) 

011a 

.070(4) 

.085(4) 

.057(5) 

.028(3) 

.041(3) 

.011(4) 

OUb 

.049(4) 

.057(4) 

.057(4). 

.012(3) 

.017(3) 

.006(4) 

N 

.063(5) 

.044(5) 

.045(5) 

-.007(4) 

.029(4) 

-.010(5) 

CI 

.041(5) 

.065(5) 

.048(6) 

.020(4) 

.015(5) 

.004(5) 

C2 

.054(6) 

.061(6) 

.055(7) 

.016(5) 

.015(5) 

.002(6) 

C3 

.058(7) 

.099(7) 

.061(10) 

.009(6) 

.024(7) 

-.015(7) 

C4 

.061(8) 

.091(8) 

.093(10) 

.019(7) 

.015(8) 

-.016(10) 

C5 

.092(9) 

.083(9) 

.085(9) 

.027(7) 

.026(7) 

.024(9) 

C6 

.073(7) 

.078(7) 

.071(8) 

.025(6) 

.034(6) 

.023(7) 

CI 

.033(4) 

.042(4) 

.039(5) 

-.004(4) 

.015(4) 

-.009(4) 

C8 

.043(5) 

.034(5) 

.035(5) 

-.004(4) 

.017(4) 

-.006(4) 

C9 

.036(5) 

.044(5) 

.051(5) 

011(4) 

.021(4) 

.003(6) 

CIO 

.066(8) 

.076(8) 

.057(8) 

-.017(6) 

.027(7) 

.004(7) 

Cll 

.041(5) 

.041(5) 

.034(5) 

-.001(4) 

.003(4) 

-.001(5) 

C12 

.062(8) 

.104(8) 

.073(11) 

.026(7) 

.021(8) 

.017(10) 

C13 

.035(4) 

.045(4) 

.047(5) 

-.001(4) 

.019(4) 

.000(5) 

C14 

.064(6) 

.056(6) 

.053(6) 

-.016(5) 

.033(5) 

-.013(6) 

C15 

.097(9) 

.057(9) 

.099(7) 

-.031(7) 

.063(7) 

-.025(9) 

C16 

.089(8) 

.060(8) 

.115(8) 

-.047(7) 

.042(7) 

-.012(10) 

C17 

.081(8) 

.072(8) 

.075(8) 

-.021(6) 

.043(6) 

-.008(8) 

C18 

.057(6) 

.049(6) 

.054(6) 

-.016(5) 

.020(5) 

-.005(6) 

C19 

.082(9) 

.105(9) 

.072(12) 

-.009(8) 

.003(10) 

-.035(9) 

C20 

.059(7) 

.098(7) 

.067(10) 

-.014(6) 

.020(8) 

-.003(8) 

C21 

.051(6) 

.127(6) 

.058(9) 

-.007(5) 

.011(6) 

.016(6) 

C22 

.050(6) 

.056(6) 

.055(7) 

.001(5) 

.010(5) 

-.007(6) 

C23 

.084(7) 

.061(7) 

.087(7) 

-.002(6) 

.028(6) 

.006(8) 

C24 

.063(8) 

.080(8) 

.081(9) 

-.007(7) 

.023(8) 

-.035(9) 

^The  Uij  are  the  mean-square  amplitudes  of  vibration  in  A2  from  the 
general   temperature   factor  expression   exp[-27t2(h2a*2uil  -i-  k2b*2u22  -i- 
l2c*2u33  +  2hka*b*U12  -f-  2hla*c*U13  +  2klb*c*U23)] 
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Me'^P=NPh.H7NPhr58) 


Table  A.25     Crystallographic  Data  for  58. 

Crystal    data 

a,  A 

b,  A 

c,  A 

a,  deg 
P,  deg. 
Y,  deg 
V,A3 

^calc,  g  cm-3(298  K) 
Empirical    formula 
Formula  wt,  g 
Crystal    system 

Space   group 

Z 

Crystal  size  (mm^) 


8.276(1) 

8.819(1) 

12.045(2) 

110.    19(1) 

92.61(1) 

106.84(1) 

779.3(2) 

1.109 

C9H14NP-C6H7N 

250.0 

Triclinic 

Pi 

2 

0.57  X  0.37  X  0.31 


Data     collection 

Radiation,  1  (A) 

Mode 

Scan  range 

Background 

Qmax 

Range  of  h  k  I 


Total    reflections    measured 

No.  of  ind.  reflections 

No.  of  obs.  reflections 

Absorption  coeff.  m  (Mo-Ka),  mm"^ 


Mo-Ka,  0.71073 
(D-scan 

symmetrically   over    1 .2oo 
about  Kcxi  2   niaximum 
offset  1.0  and  -1.0  in  co 
from  Kai  2  maximum 

27.5 


0       < 

h 

< 

10 

-11     < 

k 

< 

1  1 

-15       < 

I 

< 

15 

3854 

3590 

1842 

0.16 

256 
Table  A. 25     Continued 

Structure      refinement 

S,   Goodness-of-fit  12.13 

Reflections  used,  I  >  3s(I)  1842 

No.    parameters    refined  23  8 

R,  wRa(%)  0.0546,    0.0658 

Rint.  (%)  0.0112 

Max.    shift/esd  0.05 

Min.  peak  in  diff.  four,  map  (e  A"^)  -0.28 

Max.  peak  in  diff.  four,  map  (e  A"^)  0.24 

a  Relevant  expressions  are  as  follows,  where  in  the  footnote  Fq  and  Fc 
represent,  respectively,  the  observed  and  calculated  structure-factor 
amplitudes. 
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Table  A.26     Bond  Lengths  (A)  and  Angles  (O)  for  58. 

1 2  3  1-2  1-2-3 


Nl 

P 

C7 

1.572(3) 

106.7(2) 

Nl 

P 

C8 

117.3(2) 

C7 

P 

C8 

1.757(6) 

105.5(3) 

C7 

P 

C9 

106.3(3) 

C8 

P 

C9 

1.791(7) 

104.7(3) 

C9 

P 

Nl 

1.787(4) 

115.4(3) 

CI 

Nl 

P 

1.385(5) 

128.4(2) 

C2 

CI 

C6 

1.403(7) 

115.6(4) 

C2 

CI 

Nl 

117.9(3) 

C6 

CI 

Nl 

1.391(5) 

126.6(4) 

C3 

C2 

CI 

1.366(8) 

121.7(4) 

C4 

C3 

C2 

1.354(9) 

121.8(6) 

C5 

C4 

C3 

1.357(10) 

118.2(6) 

C6 

C5 

C4 

1.386(7) 

121.5(5) 

CI 

C6 

C5 

121.2(5) 

Cll 

Nil 

1.375(5) 

C12 

Cll 

C16 

1.385(4) 

118.1(3) 

C12 

Cll 

Nil 

121.0(3) 

C16 

Cll 

Nil 

1.379(4) 

120.8(3) 

C13 

C12 

Cll 

1.377(6) 

120.6(3) 

C14 

C13 

C12 

1.360(5) 

120.3(4) 

C15 

C14 

C13 

1.368(6) 

120.0(5) 

C16 

C15 

C14 

1.376(6) 

120.1(3) 

Cll 

C16 

C15 

120.8(3) 

Table  A. 27   Fractional   coordinates    and    isotropic^  thermal    parameters 
(A2)  for  58. 


H2 

0.009(5) 

0.360(5) 

0.572(3) 

0.091(13) 

H3 

-0.117(5) 

0.572(5) 

0.636(4) 

0.11(2) 

H4 

-0.081(6) 

0.718(6) 

0.835(4) 

0.12(2) 

H5 

0.077(5) 

0.659(5) 

0.970(4) 

0.09(2) 

H6 

0.203(4) 

0.460(4) 

0.907(3) 

0.057(10) 

H7a 

0.453(5) 

0.000(5) 

0.658(4) 

0.1 

H7b 

0.434(5) 

0.095(5) 

0.577(4) 

0.1 

H7c 

0.278(5) 

-0.045(6) 

0.603(4) 

0.1 
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Table  A.27     Continued 


H8a 

0.153(5) 

0.042(5) 

0.824(4) 

0.1 

HSb 

0.230(5) 

0.221(5) 

0.932(3) 

0.1 

H8c 

0.338(5) 

0.084(5) 

0.884(4) 

0.1 

H9a 

0.607(5) 

0.337(5) 

0.845(4) 

0.1 

H9b 

0.510(5) 

0.455(5) 

0.883(4) 

0.1 

H9c 

0.571(5) 

0.381(5) 

0.737(3) 

0.1 

Hlla 

0.051(5) 

-0.019(5) 

0.383(3) 

0.075(13) 

Hllb 

0.141(4) 

0.138(4) 

0.485(3) 

0.079(12) 

H12 

0.136(4) 

-0.094(4) 

0.189(3) 

0.057(10) 

H13 

0.329(4) 

-0.039(5) 

0.065(3) 

0.083(12) 

H14 

0.549(5) 

0.211(5) 

0.148(4) 

0.093(14) 

H15 

0.595(5) 

0.407(5) 

0.338(3) 

0.085(12) 

H16 

0.388(4) 

0.330(4) 

0.459(3) 

0.065(10) 

apor  anisotropic  atoms,  the  U  value  is  Ugq,  calculated  as  Ugq  =  1/3 
liZj  Uij  ai*  aj*  Ajj  where  Ajj  is  the  dot  product  of  the  i^h  and  j^h 
direct  space  unit  cell     vectors. 


Table  A.28   Anisotropic    thermal    parameters^  for  the  non-H  atoms  of 
compound    58. 


Atom 


_LI11 


U22 


jm. 


U12 


_LIil 


Ji21 


p 

Nl 

CI 

C2 

C3 

C4 

C5 

P 

Nl 

CI 

C2 

C3 

C4 

C5 


0.0538(6) 

0.059(2) 

0.046(2) 

0.081(3) 

0.103(4) 

0.101(4) 

0.099(4) 

0.0538(6) 

0.059(2) 

0.046(2) 

0.081(3) 

0.103(4) 

0.101(4) 

0.099(4) 


0.0666(6) 

0.063(2) 

0.051(2) 

0.088(3) 

0.112(4) 

0.072(4) 

0.054(4) 

0.0666(6) 

0.063(2) 

0.051(2) 

0.088(3) 

0.112(4) 

0.072(4) 

0.054(4) 


0.0571(6) 

0.046(2) 

0.057(2) 

0.074(3) 

0.122(4) 

0.160(3) 

0.090(2) 

0.0571(6) 

0.046(2) 

0.057(2) 

0.074(3) 

0.122(4) 

0.160(3) 

0.090(2) 


0.0202(4) 

0.0267(13) 

0.011(2) 

0.047(2) 

0.064(3) 

0.047(4) 

0.014(3) 

0.0202(4) 

0.0267(13) 

0.011(2) 

0.047(2) 

0.064(3) 

0.047(4) 

0.014(3) 


0.0095(5) 

0.0061(13) 

0.015(2) 

0.027(2) 

0.045(4) 

0.067(4) 

0.046(3) 

0.0095(5) 

0.0061(13) 

0.015(2) 

0.027(2) 

0.045(4) 

0.067(4) 

0.046(3) 


0.0269(6) 

0.0162(15) 

0.025(2) 

0.037(3) 

0.068(4) 

0.058(6) 

0.010(4) 

0.0269(6) 

0.0162(15) 

0.025(2) 

0.037(3) 

0.068(4) 

0.058(6) 

0.010(4) 
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Table 

A.28     Coi 

itinued 

Atom 

Ull 

U22 

U33 

U12 

U13 

U23 

C6 

0.067(2) 

0.059(2) 

0.060(2) 

0.013(2) 

0.015(2) 

0.017(2) 

C7 

0.135(5) 

0.140(5) 

0.092(6) 

0.100(4) 

0.023(4) 

0.035(4) 

C8 

0.087(3) 

0.129(3) 

0.101(5) 

0.042(3) 

0.027(3) 

0.080(4) 

C9 

0.057(3) 

0.123(3) 

0.130(5) 

0.016(3) 

-0.005(4) 

0.058(5) 

Nil 

0.062(2) 

0.079(2) 

0.053(2) 

-0.001(2) 

0.019(2) 

0.015(2) 

Cll 

0.047(2) 

0.053(2) 

0.049(2) 

0.017(2) 

0.010(2) 

0.021(2) 

C12 

0.054(2) 

0.058(2) 

0.051(2) 

0.012(2) 

0.011(2) 

0.017(2) 

C13 

0.081(3) 

0.080(3) 

0.057(3) 

0.027(2) 

0.026(2) 

0.029(2) 

C14 

0.085(3) 

0.081(3) 

0.096(3) 

0.029(3) 

0.051(3) 

0.052(3) 

C15 

0.067(3) 

0.056(3) 

0.105(2) 

0.007(2) 

0.024(2) 

0.033(3) 

C16 

0.060(2) 

0.050(2) 

0.064(2) 

0.012(2) 

0.012(2) 

0.018(2) 

^The  Uij  are  the  mean-square  amplitudes  of  vibration  in  A^  from  the 
general    temperature   factor   expressionexp[-2jr2(h2a*2uil  -i-  k2b*2u22  + 
l2c*2u33  +  2hka*b*U12  +  2hla*c*U13  +  2klb*c*U23)] 
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